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I. Initial Proposal

IBM proposed a one-year best efforts experimental study of the initial stages of chemical

reaction at the metal/Si interface. The study was aimed at acquiring a fundamental under-

standing of microscopic mechanisms responsible for suicide and Schottky barrier formation.

To provide a comprehensive picture of the microscopic interface phenomena and properties,

the experimental work was directed into three areas: (1) interface electronic structure, (2)

interface atomic structure, and (3) interface electrical properties. A three-month no-cost

* extension of the contract was made to complete data analysis and manuscript preparation.

Accession For

NTIS GRA&I
DTIC TAB
Unannounced El
Justification- _

By - --
Distributi on/

Availability Codes
jAvail and/or

Distj Special

A~.1



. . ....... ...

-2-

U. Accomplishments under the Project

A significant portion of the work completed under the contract has been published or is

available in preprint form. Other results remain to be written and published. In the following

we briefly summarize the accomplishments of this research. These accomplishments are:

(1) Silicide compound formation (Pd2 Si) dominates the microscopic chemistry and

properties of the atomically clean Pd/Si interface. Identification of this

chemistry permits for the first time a close evaluation of the nature of elec-

<I tronic states at a metal/semiconductor interface. Thus the interface electronic

structure is primarily that of the bulk silicide compound formed. (Refs. 1-4)

(2) Reactivity at the Pd/Si interface is very high, with compound formation

occurring spontaneously at room or even at low temperatures (down to

180 0 K). (Refs. 1-4)

(3) The electronic properties of a bulk silicide have been understood from

experiment and theory for the first time. Chemical bonding in Pd2Si occurs by

essentially covalent bonds between Pd(4d) and Si(3p) states, which form

bonding bands -5 eV below the Fermi energy and antibonding bands near the

Fermi energy. Occupancy of the latter determines phase stability of Pd-Si

mixtures. The main portion of Pd(4d) states, not involved in Pd-Si bonding,

are located well below the Fermi energy (by -3 eV), producing an electronic

structure more like that of a noble metal than of a transition metal (Ref. 5)

(4) Chemical shifts of spectral features in photoemission and Auger spectra occur

with changing metal coverage from the submonolayer range up and reflect the

altered environment of atoms near the interface. These effects are suggestive
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of stoichiometry variations in the suilicide near the interface and form the basis

for a new theory of silicide Schottky barrier heights. (Refs. 1-6)

(5) Silicide compound formation also dominates the electronic structure of the

Pt/Si interface; however, chemical shift phenomena are much smaller. (Ref.

3)

(6) Photoemission and Anger spectra show that the density-of-states near the

Fermi energy (i.e., in the Si band gap region) is enhanced at low metal cover-

age, indicating that electronic states exist in this region only near the interface;

these may be associated with true interface states, localized bonding configura-

tions characteristic of the interface, or defect states resulting from the inter-

face reactivity, and they represent interface electronic structure contributions

additional to those of the bulk silicide reaction product. The interface-

associated states occur in relatively high density (of order 0.1 per interface

atom) and a considerable fraction of them are localized partly on the Si atoms

at the interface. (Refs. 2-4)

(7) Cross-sectional TEM measurements of Ni, Pd, and Pt silicide/Si interfaces

show that the interface is atomically abrupt, with no amorphous layer structure

present. Misfit dislocations and atomic steps are observed, and the degree of

roughness on an atomic or macroscopic scale depends on whether epitaxy

occurs, on lattice match, and on the extent of faceting. On a microscopic scale

for epitaxial silicide/Si contacts, the interface can be atomically sharp and

smooth, producing regular lattice fringes extending directly to the interface.

This interface sharpness and the observation of interface electronic states

provide a basis for constructing interface models which correlate interface

atomic and electronic structure. (Ref. 7)



-4-

(8) Detailed Auger composition analysis for the Pd2Si/Si interface indicates that

the silicide in nearly stoichiometric except for a very thin (- 3 A) Si-rich

region just at the intimate interface. This character of this region is consistent

with the chemical shift observations noted above. (Ref. 4)

(9) Since electronic structure is probed mainly by surface-spectroscopy techniques,

it is important to assure that the composition of the surface region near the

vacuum interface is representative of the entire overlayer film. Techniques to

check this have been developed. Surface segreption and enrichment phenome-

na in the near-noble-metal/Si interface systems have been identified, and their

understanding is a prerequisite for reliable conclusions about interface behav-

ior. For Ni, Pd, and Pt on Si annealing at temperatures above the silicide

formation temperatures produces a thin (few monolayer) film of essentially

elemental Si on top of the silicide (at the vacuum interface). (Refs. 2, 8)

(10) The behavior of refractory-metal/Si interfaces is quite different from that at

near-noble metal/Si interfaces. Reaction does not take place at the V/Si

interface at room temperature, and silicide formation (VSi 2 ) does not begin

until -S000C. However, at intermediate temperatures (-200-400C) strong

V-Si intermixing does occur as a precursor to silicide formation. (Ref. 3)

IA
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IV. Appendix

To date the following papers have been written and submitted for publication under the

contract:

Item 1. Reprint, "Photoemission Studies of Chemical Bonding and Reactions at the

Metal/Silicon Interface", G. W. Rubloff, Proc. of the Sth Internatoual Vacuums

Congress, Cannes, France, Sept. 22-26, 1980, VoL. [,Thin Films, p. 562.

Item 2. Reprint, "Chemical Bonding and Microstructures of Metal/Si Interfaces

During Silicide Formation", P. S. Ho, H. Foil, J1. E. Lewis, and P. E. Schmid,

Proc. of the 4th Iu. Conf. on Sold Surfaces uAd the 3rd Europeant Conf. as

Surface Sdauce, Cannes, France, Sept. 22-26, 1980, Vol. U, p. 1376.

Item 3. Preprint. "Chemical Bonding and Electronic Structure of Pd2 Si", P. S. Ho, G.

W. Rubloff, J. E. Lewis, V. L Moruzzi, and A. R. Williams, to be published in

Plays. Rev. 315 (Nov. 1980).

Item 4. Preprint, "Chemical Bonding and Reactions at the Pd/Si Interface", G. W.

Rubloff. P. S. Ho. J. L. Freeout, and J. E. Lewis, submitted to Plays Rev.

315.

Item S. Preprint, "Cross-Sectional 7TEM of Silicon-Silicide Interfaces", H. Foil, P. S.

Ho, and K. N. Tu. to be published in J. Appi. Plays.



Proceed s of the 8 th International Vacuum Congress, Cannes, France,
Sept. 22-26, 1980, Vol. I, Thin Films, p. 562.

PHOTOEMISSION STUDIES OF CHEMICAL BONDING AND REACTIONS AT THE

METAL/SILICON INTEIRFACE*

G.W. Rubloff

IBM T.J. Watson Research Center. P.O. Box 218. Yorktown Heights. N.Y. 10598 USA

UPS snidks of Pd/SI(WO0). P/Si(lO0, and V/Si(lO0) show evidew for infacial compound
formation, .rtichiome'y venations. and interface.auociated olectrontc scam in the Si bond gap.

The microscopic chemistry and electronic structure of the metal/Si interface play a crucial role in
the nater ials reaction and Schottky barrier properties of these technologlically important contacts.
Recent surface spectroscopy studies have begun to reveal the detailed phenomena which occur at
these reactive interfaces. Hem we present ultraviolet photoemission spectrosecopy (UPS) results for
Pd. Pt. and V on Si surfaces, which illustrate some of these phenomena, including compound
formation (1.21, stoichiometry gadations f 1.21. and interface-associated states in the gap [31.

The n-Si(100) samples were claned in UHV " '
live heating) at up to 8500C. The clean sur-P (v021.201

faces showed a c(4x2) LED pattn. Metal 6C
overlayers were evaporated by direct sublime- "
don from a resistively heated pare metal wire. i \ -izA Pd
with relative coverages determined by use of a
shutter to control dapostlon times for fized -

evaporation conditions. Metal coverages were
calibrated by a quat microbalance and by it)
Auger composition analysis and are given in
terms of equivalet metal thick"s I11 NIE}TAL+ _ _ . _~(d (13 ,ii 0 1'
Angles-integrated UPS results (He I spectra, hr 0 A3-E.51)3Pda, 21.2*V) for Pd/Si(100) are depicted in F~i .  -- o/

I. The clean T000) spectrum (Fig. Is) shows .bulk Si features and also intnsic surface state a
~~~features near -0.7 an -1.3 eV (41 referenced / 5 -. -1o)d

to zero at the Fermi energy EF). Upon depos.~ition of thin (submiooayer) Pd overhtyers. the

emission intensity ;rows due to the large ,. -0.2 -. LEN':
Pd(4d) UPS cross-section. The coverage-
dependent cheae in the spectra is indicated by
the incremental difference curves (Figs. lb, Ic, CLEAN Si(100)
and Id), which give the change in emission C
caused by successive metal depositions of -

0.23A. The total spectra for -4A and -12.,
Pd deposited at 25C are shown in Figs. a -- 4 4 2 EO
and If. The spectrum in Fig. If is that of the ELECTRN NOW ENY(eV)
silicide compound Pd2 Si. as identified by in-
situ Auger analysis and (after removal from the Fig. I. Pd/Si(100) UPS results: (a) spectrum
UHV system) by TEM phase analysis {1,21. for clean Si(lO0), (b)-(d) incremental

difference spectra for Pd/Si(lO0); (e).

(f) spectra for Pd on S000). Fig. If
is essentially the specrm2 for the
Pd2Si compound.
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Compound formation thus Occurs spontaneously at 2SC on the clean surface. The main Pd(4d)
bands tie between -S and -2eV. Lt. well below E as in the noble metals. Chemicai bonding of
Pd Si occurs via bonding and antibondin. Pd(4d)-Si(3p) stae near -6.5 eV and -I eV respective.
ly ?51.

At lower (Fig. It) and at submonolayer (Fip. lb-td) coverages. the electronic structure has the
same overall shape as that of Pd2 SL (In the low-coverage difference curves between -2 and -0.5
eV this similarity is somewhat masked by spectral structure arising from the metal-induced
quenching of intrinsic surface states). Since this similarity is also observed for the L2.3 VV Auger
spectrum (which reflects the Si local density-of-states) 12), we conclude that formation of a
Pd2 Si-like compound occurs at the interface and dominates the microscopic chemistry and
electronic properties of the interface.

The shift of the main Pd(4d) peak with cover-
age is attributed to changes in the stoichiome- PtlSi(0)
try (and/or chemical environment for very low
covereges) of the Pd2 SI-like bonds with dis- AIUPS h -21.2 eV
tance from the interface 11.2). This interpre-

tation is consistent 13 with stoichiometry-
dependent trends found in theoretical calcula-
tions and in experimental results for thePdl-,Si, metallic glasses. Related shifts ame
observed in the Si L2 3VV Auger spectra. The t SIUCIOE

UPS shifts suggest that the Pd 2 Si-like material
is effectively Si-rich near the interface, an in-
terpretation which has led to a new approach
to understanding silicide Scbottky barrier M

heights 161.

Results for Pt/Si(100) are shown in Fig. 2.
The low-coverage difference spectra (Pip. 2b-
2n) are very similar in shape to that of the sill-
cide formed at S 2000C on the clean Si sur. (d)
face (see Fig. 2g). Although our temperatue-
dependent investigations indicate clearly that Z
this spectrum is characteristic of the initial sill-
cede phase produced at then temperatures, we
have not determined whether this interface
phase is PtSi or Pt 2S; thin film studies of
thicker Pt layers on clean Si show initial Pt2jSi
formation followed by conversion to the end
product PtSi at higher temperatures 171. In
either case. silicide formation dominates the CLEAN -Salo
chemistry and electronic properties of the in-terface. In contrast to the behavior for -12 -10 -8 -8 -4 -2 0 2 4Pd/Si(100). the low-coverage Pt/Si(100) spec- ELECTRON SINOING ENERGY Vi It F .0)

tra show no significant shift of the d-band
doublet peaks (neo-3.5 and -5.5 eV) with coy- Fig. 2. Pt/Si(100) results: (a) spectrum for
crage. This suggests that stoichlometry vria- clean Si(100): (b)-(fM incremental dlf-
tions (Si enrichment) of the silicide at the in- ferene spectra for Pt/Si(100). shown
terface are smaller for Pt/Si(100) than for in expanded scale for- 0.25-0,5k coy.

* Pd/Si(00). erage increments; (g) spectrum for ini-
tial Pt silicide phase formed by 2000C
annealing after 2SC deposition.

56 3



Since the silicides produced at the interface are metals, they give electronic states near EF, i.e. in
the Si band gap region crucial in determining the electrical properties of the contact. However,
Fig. 2 shows that the density-of-states just below EF (from -0.7 to 0.0 eV) is enhanced at low
coverage relative to the d-band states of the silicide. Although the Pd/Si(100) UPS data do not
show clearly any similar behavior, the Si L2 3 VV Auger spectrum shows such enhancement (31 for
the 94 eV peak, which is derived from states just below Ep. These enhancement phenomena
suggest that electronic states specifically associated with the interface may exist in the Si band gap
region in addition to the metallic states of the suicide reaction product (3. Such interface states
may be a consequence of the microscopic chemical processes which occur at these reactive
interface.

The formation and properties of the refractory''
metal silicides differ from those for the near-
noble metal silicides in significant ways 171,
including higher formation temperatures and AIUPS hv - 21.2 eV
tendencies for more Si-rich suicide phases and
lower Schottky barrier heights on a-Si. UPS
result for V/Si(100) are shown in Fig. 3. For
25C depositions the low-coverage difference VS2spectra show a dominant peak just below EF;

subsidiary structure (see Figs. 3b and 3c) aris-
es from the attennation by the metal overlayer
of bulk Si emission as well as from the quench-
ing of the intrinsic surface states. At some-
what higher coverage (Fig. 3f) the UPS spec-
trum shows emission peaked near EF and limit- V/SIOM
ed moetly to the range -4 eV to EF. as expect-
ed for the low energy (occupied) region of the -
(mostly empty) d-bands of pure V metal; how-
ever. further work is required to identify this .
phase. Xa

The end product of the V/Si reaction (81 is 1
VSi2 . for which the UPS spectrum is shown in Z
Fig. 3g. This phase was produced by 5000C Z W
annealing for a few minutes and was identified
by TEM phase analysis. Thus silicide forma- (b)
tion may not occur spontaneously at the
V/Si(100) interface, but in any case a high

interface density-of-states within the Si band 0gap is produced upon deposition. ZANSO-- (at

Studies like these clearly have the capability to -12 -10 -8 -4 -4 -2 0 2 4
reveal the microscopic chemistry and electronic ELECTRON 3INDING ENERGY (eV) (E F 01
properties at the metal/Si interface. The exist-
ence of well-defined silcide compounds and Fig. 3. V/Si(100) results: (a) spectrum for
extensive prior knowledge (81 of aspects of clean Si(100): (b) - (e) incremental
their behavior provides important help in difference spectra for V/Si(100).
achieving meaningful physical insight from the shown in expanded scale for - 0.25 -
surface spectroscopic results. 0.s covermev increments: (f) spec-

trum for -10A V deposited on Si(100)

at 2SC: (g) spectrum for the VSi 2
compound formed by 5000C annealing.
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CHEMICAL BONDING AND MICROSTRUCTURES OF METAL/Si INTERFACES DURING
SMICIDE FORMATION

P.S. Ho. H. F6IL L. Lewis and P.E. Schmld

IBM. Thomas I. Watson Research Center, Yorktot Heights, N.Y. 10598. U.S.A.

Abstract Chemical bonding and atomic structure at the Pd2Si/Si interface have been investigat-
ed using Auger electron spectroscopy in conjunction with transmission electron microscopy.
Bonding characteristics are derived by interpreting the AES spectra together with UPS spectra
based on partial state densities calculated for Pd-Si compounds. Compostion calibrations based on
Auger intensity vmisu ious indicate the existence of enhanced DOS within about 6A of the interface
which comes mainly from a new 94 eV SI LVV peak in silicide. TIEM lattice images show as
atomically sharp Pd2SI/Si interface with misfit dislocations and step-like imperfections present
within several atomic layers of the interface. It is suggested that the observed interface states are
originated from chemical bonds associated with the interfacial defect structure.

The study of chemical bonding and atomic structure at the metal/semiconductor interface is
important for the basic understanding of Schottky barer formation. Thearet cai studies on
Schottky barriers have been concerned mooy with interfacial electronic states for nonreacting
abrupt interfaces (L1. Tho interface between a tramation metal and Si forms a distinct class by
itself becnme of the strong reactivity which causes formation of siicide compounds at moderate
temperatures, e.g. Pd2Si formed readily at 2500C.(2J During silcide formation, the reaction from
proceeds into the Si resulting in a dcid/Si interface with boading and structural characteristics
basically different from those of the non-racting meta/Si interface. Recently, surface spectrosopy
studies (3-7) using UPS. AES and XPS revealed that suicide (demation in the rU few layers on
mead coverage of the SI surface dominates the electronic properties of the Pd/SL. Pt/Si and Ni/Si
interfaces. In then studies, very little information has been provided for the correlation between
the interfdcal atomic structure and chemical bonding although such knowledge is essential for
understanding the slicide/Si interface. Here we report results on studying bonding and structure
of the Pd2Si/SI(111) interface using Auger electron spectroscopy in conjunction with transmission
electron spectroscopy. The choice of the Pd 2Si/Si system is because that 1. we are interested in
the bonding between the Pd d and the Sl sp3 etectros in the siicide and 2. the Pd2Si basal plane
is epitaxial to the SI(1ll) surface which facilitates the TEM lattice image observations on the
interfa microstructure.

Experiments were carried out in a UHV chamber equipped with a double-pass CMA for recording
the Auger spectra. The SI surface was sputter-cleaned with IkeV Ar+ ions then annealed at about
8000C for more than 1/2 hr. to remove the sputter damage. Pd was evaporated at room temp r-
ture by in-situ sublimation from a Pd wire and the rate was controlled to provide metal coverage
from submonolayer to tens of atomic layers. Beom chopping technique was used to obtain the
undifferentiated N(E) spectra directly. After each evaporation, the Si L2 ,3VV, KLL and Pd
M4 5VV Auger spectra were recorded and their relative intensity changes were used to calibrate
the suicide composition and thickness.

We describe first briefly the results on chemical bonding of bulk Pd2Si (8|. In PdSI. the
angle-interated UPS spectra (dominated by the Pd contribution because of its high photoionlza-
tdoe cross section) as shown in Fig. ta indicate that most of the d states become occupied with the
majo peek B shifted .2.75aV below EF . Portion A of the valence states has contributions from
both Pd and SI and by being close to Ep, it provides the metallic character for Pd2S. The
difference in the Si L2 3VV Auger spectra for Pd2Si and SI as shown in Fig. lb reflects significant
changes in the silicon Valence state dendes (DOS) as a result of silicide formation which gives rise
to a silcide spectrum with four characteristic peaks at 79, 84, 89 and 94 oV.

1376
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Figure 1. a. Angje-integrated UPS spectra observed on Pd2Si and o&Pd2Si and an single-cry"ta
Pd( 111) and Si(l 11) surfaces. b. Comparison of the L2,VV Auger, spectra observed on pd2Si
and SO 11l) surfaces.

Chemical bonding information was derived by Interpreting the UPS data together with the ABS
spectra based on partial DOS calculated for Pd-Si compounds. The calculation is self-consaten
and based on the Augmented-Spherical-Wave Method (9). Compounds of the Pd2Si. PdI sad
PdSI3 soichiometries in cubic structures of the Cu3An. CuAu and CaCI form have bae studied.
These structures enable us to examine the effect of changing the nearest-neighbor chemical
environment on the Pd-Si boad. Results of these calculations show that the total DOS of the
compound is dominated by the Pd d states which have features, such as the shift below Ep sand the
position of the major peak. in qualitative agreement with the UPS results. The SI 3p states foem
two well defined groups straddling the d band with locatioUSns F and at -S WV. The SI 3s
states lie below the p states at about -10eV. Schematics for Auger transtions involving the

L232)level and valence levels from the two p state group and the 3s states have been worked
out 14. S) which satisfactorily account for the four-peak structures observed in the sdicide L2 VV
spectrum. These results lead to the conclusion that the chemical boning responsible for Pd2SI
formation involves primarily the two 3p group; of Si and part of the Pd d electrons. The hybridi-
zation of these p and d election forms the basic boning and anti-bonding states in Pd2SL

Pertinent to the interfacial electronic structure ane the spectroscopy results observed during in-situ
evaporation of Pd layers. UPS results 13.10 F revealed that the valence spectra associated with the
interface have the characteristic form of the siuicide accompanied with shift of the maior peak 8
from .3-5eV at low coverage to -2.75eV st about 121 coverage. The L2.VV Auger spectra
observed for Increasing covempgs are shown in Fig. 2a. To discern changes caused by interface
reaction. we decompose each spectrums into two parts, one has the elemental SI form and the
remain gives the changes due to suIcide formation: only the latter Is shown in Fig. 2b. Here two
points are worth noting. FIrst the intensity of the 94 eV peak reaches a maximum at about 7;
coverage while the rest of the Intensity increases with further coverage; and secnd, the 94 eV
peak shifts toward lower energies with coverage. mazimizing at about IsV shift for Pd2SI. The
calculated DOS reveals that stoichtiometry increase of SI in the compound shifts the Position of the
d peak toward lower energies as welg as increases the occupation of the antibonding 3p states newr
EF. This is consistent with the UPS results; in addition, by noting that the 94esV peak involves
two antibonding p states. the calculated DOS also explains the clianges in position and energy of
this Auger peak. Thus it appears that stoichiomtry gradient with SI enrichment near the interface
can account for the spectroscopy results. Indeed. It has been propseed that an interfacial sicide of
the M~i4 stoichiometry can be used as a basis to confirm the Schottky model for slilcde/Si
interface. (I I
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Figure 2. a. The SI t" 3VV Aupt speta observed at the Pd/Si(ll11) interface as a functioe Of
Pd coverage. Pd thickns: a. IA. b. 3A. c. i0k d. 17;. a. 30A. b. The L2,VV spectra in a ane
decomposed by substracting off the elemental Si spectrum. Hess the difference show Ofeates
mainly associated with intrfacla silisid fwnmoic.

Several relevant issues concerning the inerace stoickiometry gradient have to be resolved. Fit.
since TEM observedion show only the Pd2Si phase aasa in the recuve PO/S interfce it is
difficult to justify trndamaly a large stoichiometry variation in one phase. Second. there is
no direct stoichiomieuYmesren within, eg. IOA of the interface, to confirmn the Si serichment
of the copond And third, since the eon spectroscopy seem only the localized atomsc
environment, it does not provide information on the overall atomic structure for the intace. TO
investigate these probless we used the croee-uectioeal TEN to sa= the interfacialstu e
and Auger intensity calibration to determine the composition of the interface layer.

In Fig. 3a we show the TIM lattice imag of the Pd2S/S(1l11) interface asobtained from a
sample where Pd2Si was formed by evaporating -IOGA of Pd on a chemically clan Si surface In
St the image shows the 11111 and 12201 pianos which are interwoven to yield the <1 10> channuls
while in Pd0Si, the 422401 planes ame obseved Then lattice umages clearly extend to the
interface indicating that an atomically sharp Pd2SI/Si interface exists with no amorphous-like
structure. it is, significant, however, to point out the two types of structural imperfections aU the
interface. One is the misfit dislocations which can be detected by counting the diffeecs in the
numbers of lIces fringes on the two sides of the interface and the other are step maing (ran
monolayer to several atomic layers. As Illustrated in Fig. 3b. both Mype of defects ae abl to
change the local bonding configuration without varying the overall lice sstructure. In addition.
even for an ideal interface, the abrupt terminetion of the crystals at the interface produces bonds
with unique interfacial character. These results demonstrate that bonds distinct from those in bulk
Pd 2Si exist at the NdSl/S1 interface to a depth of several atomic layers.

The composition calibration is based on the relative intensity variations of the Si LVV and KU. vs
the Pd MVV lunes. The depth sensitivity of the calibration comes from the different escape
distances of these Auger lines. Based on the shape difference, one can separate the elemtal SI
from the silicide contribution to the LVV intensity, thus the intensity variation of the siOcde DOS
can be examined within the escape distance of the LVV electronsa (about 71) from the interface.
Calibration of data from several rune similar to that shows In Plg.2 reveal that while the combine-
tion of the elemental Si LVV. Pd MVV and SI KU. intensities shows formation of the same suded
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4extending to the tumteto eXIM Si DMS associated with the sucide (primartly tromt the 94 sV
1 Peak) ae Cloay ob erd within about A from the interface.
I

F. % _ 3. a. TEM hatS. lumg oberved in a vertical coTus section of the P4M/S interface. b.
Schmatic uilluuo. of sacue imefcm of stp n mi fi elocaloe.

-- 4

The calbration results alow is Insuffcient to resolve the question whether Li eztm DOS is ceused
by interfacial states or by a stowitomety p"den newr the erae.Ioweve. when they sa
combined with t structural paniculary noting doa the sami roughue o( the
interface is consstent wich the ra of the exa Si DOS, we ae led to believe the anse t be

ithe exitence of SI lerface stem at the Pd2Si/SI intface, which sem to be originated from
structural impesfectious. e.g. stepe and mixtit dilain.Tmfact that Lbe eIt* intensity mn
froms the 94e*V peak further sulisms thea the interf ea states ea asociated with the entiboading
states of Pd(4d)-Si(3p) hybrids ner Ip. Details concerning the nature of the stucture and
bondieg of the interface mtates we being studied.
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ABSTRACT: The chemical bonding and electronic properties of Pd2Si have
been investigated by measuring UPS and AES transitions involving both
core and valence electrons for Pd, Si, and Pd 2Si. The spectra have been
interpreted based on partial state densities calculated for Pd-Si compounds.
In the silicide, the d states of the Pd interact strongly with the p states of
the Si. The resulting p-d hybrid complex is composed of Pd d states lying
almost entirely below EF with the central peak at -2.75 eV and two groups
of Si states separated by -5 eV. The lower-lying group of Si states forms
the Si(3p)-Pd(4d) bonding levels while the higher-lying group near EF
forms the corresponding anti-bonding states. The compound stoichiometry
can change the position of the d peak as well as the occupation of the
antibonding states, thus affecting the phase stability of the compound.
Such stoichiometry variations are consistent with a rigid band filling of the
d-p complex. The results obtained in this study can be used to account for
the transport properties of Pd 2Si.
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I. INTRODUCTION

The formation of silicide compounds at metal/Si interfaces is of current
interest because of the potential device applications and the need for basic
understanding of the properties of metal-semiconductor interfaces. Exten-
sive studies have been carried out on the material properties of siicides I ,
such as phase identifications and formation kinetics; however, the electron-
ic or chemical bonding characteristics of these compounds have not been
systematically investigated. Knowledge of the electronic properties of the
silicide and at the interface is important for understanding the formation
mechanism of Schottky barriers and Ohmic contacts at silicide/Si interfac-
es. In this regard, it is relevant to distinguish interfaces where metal-Si
compounds can be formed e.g. Pd/Si and Pt/Si, from those where such
compounds do not exist e.g. Al/Si and Au/Si. The formation of a specific
compound defines the local atomic and chemical environment in the silicide
lattice and to a significant extent at the silicide/Si interface as well, where-
by the electronic properties are largely determined. In contrast, most of
the properties of the nonreacting interface may be characteristic of the
discrete nature of the ideal metal/Si interface, e.g. metal-induced gap
states.2 In addition, compound formation proceeds at a reaction interface
which is created continuously by atomic rearrangement resulting from
material reactions. This tends to better preserve the intrinsic characteristics
of the interface since it is less susceptible to interfacial contamination
effects than are the noncompound-forming interfaces. Indeed, we reported
earlier in a study of the Pd/Si interface 3 that microscopic compound
formation dominates the chemical and electronic properties of the Pd/Si
interfaces.

We have completed a study of silicide formation at the Pd/Si interface
using ultraviolet photoemission spectroscopy (UPS) and Auger electron
spectroscopy (AES). The reason for choosing the Pd/Si system is three-
fold. First, we wish to explore the nature of the chemical bonding between
the metal d and the Si s-p electrons underlying the mechanism for
transition-metal silicide formation. Second, the basal plane of Pd2 Si and
the Si(11l) surface have an epitaxial relationship with less than 2% lattice
misfit 4, so the atomic structure of the interface is expected to be simple.
Third, extensive data on silicide formation in the Pd/Si system show forma-
tion of only one compound, Pd2 Si, and that is stable up to 700*C but can
still be readily formed at 2000C. 5 The compound stability and fast reac-
tion kinetics suggest a strong chemical interaction between the Pd and Si
atoms. All these factors facilitate our prototype study of the metal/Si
interface.

Results of our study are repurted in two papers. Here, the first one
describes results for bulk Pd 2Si formed by reacting relatively thick (-1 00A)
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Pd overlayers with Si. The chemical bond and electronic characteristics of
the compound are inferred by interpreting the spectroscopy data using
calculated electronic density of states (DOS) for Pd, Si, and Pd-Si com-
pounds. The sequel paper deals with the chemical bonding and reactions at
the Pd/Si interface observed during the initial stage of silicide formation.

II. EXPERIMENTAL

All experiments were carried out on single-crystal Si substrates of 1 to
10 a-cm resistivity. Before Pd evaporation, the Si substrate was sputter-
cleaned using Ar+ ions of 1 keV energy and then annealed by direct resis-
tive heating up to about 8500C for about 10 min. to remove the sputter
damage. LEED examination of some sample surfaces showed the annealing
procedure to be sufficient to produce the reconstructed (7x7) Si(1ll)
surface or a (Ix1) Si(l 11) surface (probably a disordered (7x7) structure).
Observations by transmission electron microscopy (TEM) revealed that the
Pd2Si formed on the (111) Si substrates after sputtering and annealing
treatments was not epitaxial in all areas, indicating incomplete recovery of
the surface sputter damage. 6 However, the features of the UPS and the
AES spectra were independent of the degree of epitaxy of the Pd2 Si.

Pd evaporations were made by direct sublimation of a resistively heated
Pd wire (0.25 mm. dia.) in the ultrahigh vacuum chamber. During evapora-
tion, the pressure rise was less than 2 x 10-9 torr. Auger examination of
the Pd surface usually revealed no detectable surface contaminants (i.e.,
less than 1% surface coverage). Pd thickness was measured by a thickness
monitor (for UPS measurements) or calibrated according to the relative
intensity changes of the Pd and Si Auger lines with different electron
escape distances. 7 Data reported here were all obtained on samples with
Pd thickness more than about 50,. For these samples, the conversion of
Pd into Pd2 Si was carried out by annealing at about 2000C where a few
minutes were sufficient for a complete conversion (as confirmed by TEM
phase identification).

Spectroscopy data were taken using a double-pass cylindrical mirror
analyzer with an energy band pass of 0.6%. UPS measurement used a
differentially pumped He resonance lamp for photon excitation (hv-21.2
eV) and electron counting techniques. For AES measurements, the elec-
tron gun was operated at 5 keV and a beam chopping method was used to
obtain the undifferentiated N(E) spectra directly. Measurements were
made on the Pd M4,5VV and Si L2,3VV and KLL Auger transitions. The
first two valence state transitions were used to monitor changes in the
valence electronic structure of Pd and Si a result of silicide formation.
There are two other Si valence transitions, the LLV and the KLV lines,
which are simpler to interpret since only one valence level is involved.
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They were not used because of the LLV energy overlap with Pd lines and
the weak intensity of the KLV line. The core KLL transition was used
mainly to obtain the relative changes in the Auger line intensities in order
to determine the composition and thickness of the silicide layer. Here it
suffices to mention that the results presented in this paper were obtained
from samples which have been identified by Auger composition calibration
and TEM diffraction techniques to be the Pd2 Si compound.

Ill. RESULTS

a. Photoemission and Auger Spectroscopy

In Fig. I the angle-integrated UPS spectrum of Pd 2Si formed on Si( 11)
is compared with spectra from clean single-crystal Pd( Ill) and Si(I II)
surfaces. The considerably larger intensity in the Pd(lll) and Pd2 Si
spectra arises from the large Pd 4d photoionization cross section, which
causes the Pd 2Si spectrum to be dominated by the Pd d states. Comparing
the Pd( 111) and Pd2 Si spectra, the 4d band is seen to be shifted toward
lower energies as a result of silicide formation- the main Pd2 Si peak B
appears about -2.75 eV below the Fermi level EF. The width of the d band
is not greatly changed but those empty d states in Pd metal (above EF)
now become essentially completely filled. These features indicate an
electronic structure for Pd in the silicide more like that of the noble metals
than the transition metals. The formation of Pd2Si also brings forth new,
but relatively weak, peaks at C and D. In addition, electronic states exist
near EF which produce a characteristic Fermi level cutoff shape at EF.
This portion of the DOS (designated as A) gives a metallic character for
Pd 2Si. The detailed nature of the electronic states contributing to these
structures cannot be readily assessed on the basis of the UPS data alone
although it is expected that they involve not only the Pd but also the Si
valence states. This will be discussed later in conjunction with results from
AES measurements and band calculations.

in Fig. 2a we compare the Si L,, 3VV spectrum for elemental Si with
that in Pd2 Si. It is clear that the formation of the silicide significantly
alters the line shape of the LVV transition, thus reflecting basic changes in
the valence structure of Si. For clarity, we decompose the silicide LVV
spectrum into two portions as shown in Fig. 2b with one portion scaled
according to the L/V shape of elemental Si and the other showing the
change in the spectrum. The silicide spectrum displays peaks at 79, 84, 89
and 9A eV, The or.gin of these peaks will be discussed later: at this point,
it is interesting to note that these peaks are separated by about 5 eV energy
differences.
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In contrast, the KLL Si line for Pd 2Si as shown in Fig. 3 exhibits little
change from that of elemental Si. This leads to the obvious conclusion that

the formation of silicide changes primarily the valence states of Si but does
not change its core level positions greatly (<1 eV.) In Fig. 4, the M 4,5 VV
spectra for Pd obtained from a pure Pd film and from Pd 2Si are shown.
The shape of the main doublet in the spectrum shows no visible difference
as a result of silicide formation. The lower energy peak A of this spectrum
comes from transitions involving 3ds/2 core states and the higher energy
one (B) corresponds to transitions involving the 3d 3/ 2 states. The separa-
tion of these two 3d peaks caused by spin-orbit splitting is about 5 eV in
pure Pd as determined by XPS measurements. 8 The M4 ,5 VV Auger trans-
ition has an energy separation between A and B still of 5 eV, so the rela-
tive levels of the two 3d states do not change upon the formation of silicide
and its line width of about 10 eV reflects the transition arising from self-
convolution of the 4d valence states (5 eV wide). These features agree
quantitatively with the results obtained in a similar spectroscopic study on
amorphous Pd-Si metallic glasses. 8 In the amorphous compound study, the
high energy peak of the compound was observed to shift about 1 eV toward
lower energy. This magnitude of energy shift cannot be ascertained in our
measurements. In our Pd2 Si spectrum, a new peak appears at about 302
eV. The intensity of this peak was observed to increase with Pd layer
thickness during the initial stage of silicide formation so it is associated
with silicide formation. The origin of this peak is not clear at present.

b. Calculated State Densities

The UPS and AES results indicate significant changes in the valence
electronic structures of both Pd and Si upon silicide formation. Extracting
information relevant to the bonding characteristics requires lineshape
analysis of the spectra which is not straightforward. As noted earlier,
although the UPS spectrum is dominated by Pd 4d contributions, Si con-
tributions are also present, so that a distinction between these two cannot
be made by UPS data alone. The Auger spectrum is specific to the local Si
or Pd electronic structure but it involves a self-convolution of the valence
state densities; the multi-state nature of the transition makes it difficult to
deconvolute the valence density of states.

To facilitate the interpretation of the measured spectra, calculations of
density of state were carried out for both Pd, Si and several Pd-Si com-
pounds (although here we will only show results of two compounds most
relevant to our data interpretation). To describe the crystal structure used
in the calculation, it is useful to examine first the lattice structure of Pd2 Si.
This compound has a hcp structure with atomic arrangements for the two
basic stacking layers4 as shown in Fig. S. The structure shows that each Si
atom is encased by 9 Pd atoms stacking in 3 equi-lateral triangles with 600

' A " *1 ....I
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relative rotations. Probably the most important aspect of this structure in
affecting the Si spectra is that the tetrahedral environment of elemental Si
is completely eliminated; each Si is completely surrounded by Pd atoms.

Limitations of our computer programs prevent us from studying Pd 2Si in
the hexagonal structure. However, our self-consistent calculations for
Pd/Si compounds in the Cu3Au, CuAu and CsCl structures reveal, we feel,
the important properties of the Pd/Si bond, such as the role of stoichiome-
try, the importance of charge transfer, the strength of the bond and the
implications of depriving the Si atoms of the Si neighbors. In Fig. 5b we
show the CuAu and Cu3 Au type crystal structure for Pd3 Si and PdSi. All
three of the structures used in the calculations permit the Si atoms to be
surrounded by Pd atoms. Furthermore, comparison of the results for the
CsCI and CuAu structures provides an indication of the importance of the
local geometrical structure. In all cases total-energy minimization was used
to determine the lattice constant and to assess the bonding strength.

The calculations employ the Augmented-Spherical-Wave method. 9 The
aspects of this method which are important in the present context are: (1)
it is fully self-consistent (if charge transfer were important, we would see
it.); (2) calculated heats of formations agree well with experiment(9, 10 );
and (3) the only input to these calculations is the atomic numbers of the
constituents and the crystal structure.

Figures 6 and 7 show the calculated DOS for PdSi and Pd 3Si in the
CuAu and Cu3 Au structures (fcc-like). Also shown are the partial
(projected) DOS corresponding to the Si and Pd sites. Several aspects of
the state densities should be noted. First, the total state densities for PdSi
and Pd3 Si are qualitatively similar, indicating that rigid-band theory is the
appropriate perspective from which to consider stoichiometry changes. The
principal difference between PdSi and Pd3 Si is the position of the Fermi
level. Second, the d states of the Pd dominate the total state density. One
should note, however, that the DOS near EF (position A) is not exclusively
due to the d states; rather the Si 3p states contribute about equa"lly, and a
similar situation exists in the tail portion (D) of the d band at about 5.5 eV
below EF. Third, the density of Si p states indicates two well defined
groups of states which straddle the d band. These two groups reflect the
formation of bonding and anti-bonding Si(3p)-Pd(4d) hybrids. The chemi-
cal bond in Pd 2Si does not seem to involve the Si 3s states since most of
them remain about 10 eV below EF. The large effect on the Si 3p states is
not unexpected sinc- these states are mainly responsible for the directional-
ity in :he covalent bond of Si, which is completely absent in the silicide.

IV DISCUSSION
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a.In studying the UPS spectrum of 'amorphous PdSi compounds, Riley et
al. 8 estimated the cross section ratio a(Si 3p)/a(Pd 4d) to be about unity.
Judging from this ratio and the relative numbers of valence electrons for Pd
and Si (20 vs. 4 in Pd 2Si), the UPS spectrum for Pd 2Si is expected to
reflect rather closely the total DOS with dominant contributions from the
Pd d states. On this basis the UPS data and the calculated DOS are in
good agreement, with both showing the Pd d band being completely occu-
pied and the major d peak shifted to about -2.75 eV below EF. Interesting-
ly, the shift of the major d peak was not constant but rather was observed
to vary from -3.5 eV at submonolayer Pd coverage to -2.75 eV in bulk
Pd 2Si. 3 This shift and the stoichiometry dependence of the d peak/Fermi
level separation (larger for higher Si concentration) seen in the calculated

DOS (Figs. 6 and 7) suggest that early stages of the interface are Si-rich as
compared to Pd2Si. The implication of such stoichiometry effects on the
interface properties will be discussed in the sequel paper.

The energy-band calculations indicate that the principal factor in the d
peak displacement is not charge transfer, but rather the formation of a
hybrid complex resulting from the strong interaction of the p(Si) and d(Pd)
states. The d component of this complex, while well defined in the pho-
toemission spectrum, contains sufficiently fewer than ten electrons that its
position below EF does not imply significant charge transfer.

For AES, Sawatzky 1 showed that for transitions involving two valence
states, the spectrum is quasi-atomic if the Coulomb interaction between the
two holes is much larger than the bandwidth; otherwise it resembles the
self-convolution of the DOS of the valence band. Previous Auger
studies 12,13 on d metals showed that the quasi-atomic character holds in
general for the M4 ,VV transitions. Since the observed M 4 ,5VV line shape
was almost identical for Pd and Pd 2Si we infer that the Pd local charge
density remains quasi-atomic in the silicide lattice. This is really not
surprising since the local Pd configuration in Pd2 Si is primarily of the
nearest-neighbor Pd-Pd type.

Riley et al. ( 8 ) have also concluded from the peak shift of the Pd
M 4 ,5 VV line that negligible charge transfer occurs between Pd and Si in the
amorphous Pd-Si metallic glass. This is consistent with our observation of
the Pd M 4 ,5 VV transition in Pd 2 Si as well as with our calculated state
densities.

In contrast, the Si L2 3VV transition satisfies the band-convolution
criterion and the lineshape of this transition has been investigated and
successfully understood for elemental Si in a number of theoretical
studies.14-16 The conclusion generally reached is that the spectrum is
dominated by the p-p type transitions involving two 3p valence states,
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which account for most of the intensity for the 89 eV peak. As for the
other transitions, the s-p types represent only about 10%, contributing
mainly to the tail portion of the spectrum, and the s-s transitions are
negligibly small. These weightings are attributed to matrix element
effects 14 which suppress contributions from the overlap (bonding) charge
density of the s-like atomic orbitals.

For Pd 2Si, the observed L2 ,3VV spectrum can be qualitatively under-
stood based on the Si DOS obtained from our calculations and schematics
for the Si L 2,3VV transitions in the silicide are shown in Fig. 2c. The 5 eV
splitting of the bonding (Pb) and antibonding (Pa) states can account for
peaks at 94 eV (Pa'Pa), 89 eV (Pb'Pa) and 84 eV (Pb-Pb)- Additionally,
transitions involving the Pa, Pb and 3s states contribute to the peaks at 79
eV and 84 eV respectively. Evaluation of the lineshape would require
detailed calculation of the silicide spectrum which is presently under
study17 ; however, Roth18 has recently derived the Si valence DOS by
self-deconvolution of the L 2,3VV spectrum observed for Pd 2Si, and his
results agree generally with our schematics of the transitions.

We found that the 94 eV peak was more readily observed at low Pd
coverages than the 79 and 84 eV peaks, with its intensity reaching a rela-
tive maximum under about two monolayers (-31) of Pd coverage. This
reveals enhanced DOS existing in the band gap during the initial stage of
silicide formation. (Details of this observation and its stoichiometry de-
pendence will be discussed in the sequel paper). Since the 94 eV peak
originates from the Pa antibonding states which are mostly empty in Pd 2 Si,
we speculate that the antibonding states contribute to the Si L2,3VV Auger
spectrum because they are the states constituting the screening charge
brought to the Si site by the core hole responsible for the Auger transitions.
(The initial state from the viewpoint of the Auger transitions is the fully
screened final state of the core-hole-creation process.19 ,20)

Summarizing the AES and UPS results, the formation of Pd 2Si is found
to affect both the Pd- and Si- derived states: for Pd, the d states become
"filled" and shifted to about -2.75 eV below EF; for Si, the 3p states are
split into two peaks of about 5 eV apart, while the 3s states remain about
10 eV below EF and not much affected. The chemical reactions responsi-
ble for Pd 2 Si formation involve Pd(4d) - Si(3p) bonding states at about
-5.5 eV and antibonding states near EF. These overall features of the
chemical bond for Pd 2Si crystalline compound are quite similar to those
observed for amorphous Pd8 1Si 19 metallic glass. 8 The calculations demon-
strate that stoichicnetry can affect compound stability by varying the
occupation of the antibonding states. This is also reflected in the calculat-
ed heat of formation which shows a sharp variation with the stoichiometry.
All'these results indicate that the stable stoichiometry is determined by the
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energy benefit of positioning Ey below the antibonding state, so the silcide
in the Pd-Si system tends to contain more Pd than the 50:50 ratio in order
to improve its phase stability.

Finally the electronic structure of Pd 2Si as deduced here can be used to
account for its transport properties. Wittmer et al21 measured the transport
properties of Pd 2 Si from the Hall mobility and the electrical conductivity.
They concluded that Pd 2Si is metallic with negative charge carriers of
average mobility but were unable to explain the low conductivity value
which amounts to only about 1L of the mobile charges. We have already

6
pointed out the metallic character of Pd 2Si. Significantly, our results show
also that most of the d band is shifted about 2 to 3 eV below EF so these d
electrons do not contribute to the transport properties, thus the mobile
charges come only from the small portion of the total electrons located near
EF as observed by these authors. Interestingly, these electrons are also
responsible for part of the chemical bond between Pd and Si atoms in
Pd 2Si.
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Angle-integrated UPS spectra observed on Pd2Si and on single-
crystal Pd( 111) and Si( 111) surfaces. Note the difference in the

intensity scales revealing the dominance of the Pd 4d states in
the Pd2 Si spectrum.
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2. a. Comparison of the L 2,3VV Auger spectra observed on Pd2 Si
and Si(1 11) surfaces. b. Decomposition of the Auger spectra
into two portions with the solid line portion proportional to the
elemental peak and the dash-line portion showing the change as
a result of silicide formation. c. Schematics of the Auger trans-
itions for Si L 2,3VV in Pd2 Si according to calculated state densi-
ties.
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3. Comparison of the Si KLL spectra observed on Si( 111) and
Pd 2Si surfaces. (Intensities normalized for the main peak).
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4. Comparison of the Pd M4 ,qVV Auger spectra observed on a
polycrystalline Pd surface and a Pd.2Si surface formed on Si(l111)
substrate. (Intensities normalized for the main peak.)
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5. a. Atomuic arrangements on the two basic layers forming Pd2Si
structure. The hcp Pd2Si structure has a stacking sequence of
ABAB. b. The CuAu and Cu3Au type crystal structures of PdSi
and Pd2Si used for calculating DOS of Pd-Si compounds.
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compound. Note the difference in the vertical scales for the
state densitites. The shaded areas in the total DOS indicate the
bonding and antibonding states.
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Chemical bonding (i.e. electronic structure coupled with atomic microstructure) deter-

mines many of the properties of the metal/semiconductor interface. Because of its signifi-

cance in semiconductor device applications, the most important elctrical property is probabWy

the Schottky barrier height: ohmic (low barrier) contacts to semiconducting materials are

needed simply to make use of active devices, while both high and low barrier contacts may be

employed as active devices themselves (Schottky diodes).

Although the Schottky barrier has been the subject of intensive study for many years, a

fundamental understanding of the mechanisms underlying Schottky barrier formation is still

lacking. Phenomena intrinsic to an abrupt metal/semiconductor interface can in principle

determine the Schottky barrier height.1 Such phenomena include surface- and interface 3 "7

states, interface resonances associated with metal wave-function tails extending into the

semiconductor,8.9 interface dipole layers, 3 .5,9 surface plasmons,' 0 gap closure,1 ew. Even

though theoretical calculations of interface electronic structure have illustrated some of these

effects and experimental studies have been interpreted as evidence for some of these phenom-

ena, recent theoretical7 12 and experimental 3" 5, 13, 14 work has increasingly emphasized the need

for a microscopic understanding of the detailed chemical bonding, and structure, at each

specific interface. Nevertheless, characterizing these chemical interactions has proven

difficult.

The importance of interfacial chemistry is particularly clear in the case of reactive

interfaces. A broad class of metal/Si interfaces (mostly transition metals) is known to be

reactive, forming metal-Si compounds (silicides) which grow from the interface."5 These

interfaces have seen increasing application in electronic devices. They represent an attractive

subject for Schottky barrier studies as well because: (i) extensive thin film investigations have

revealed much about the film growth kinetics, microstructure, and compound phases of the

silicide reaction products, and (ii) metal/semiconductor interface chemistry should be simpler
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for the elemental seionductors. Furthermore, the Schotiky batter height of the reakiag

siuicide/Si contact exhibits the importance of the interfacial chemistry in its cormelation with

siticide beat of formation1 6 and eutectic temperature"7 .

We have chosen to study the Pd/Si interface because reaction at up to -70C yields

only a single product IS. Pd2i. This choice make. it possible to interpret observatiom of

chemical interactions quite clearly and thus to reveal the initial stage of interface formation.

The microscopic chemistry and properties of the Pd/Si interface are dominated by compound

formation at the interface, which represents the initial step in the suficide formation

recin18.19 This; compound formation seem to be accompanied by stoichiomestry variations

(Si-excess) in the silicide am the interf ace and by additional band gap statie. specificay

associated with the interfacC20 .21. These results provide little evidence that phenea

intrinsic to the abrupt interface play an important role in Schouky barrier formation at the

Pd/Si interface.

These studies concentrated on the atomically clean Pd/Si(I 11) sad Pd/Si(100) interface.

for very thin (:S1/41) as well a thickter metal overkayers. Surface electronic strcture was

measured by angle-resolved and angle-integrated photoemiasion spectroecop (ARUPS sad

ARMP respectively) and Auger electron spectroecopy (AES). complemented by trammismion

electron microscopy (TEM), low energy electron diffraction (T N). and work-function

measurements. Abbreviated descriptios of thes results have been pablished earlier. 18.19 A

discussion of relevant electronic properties of bulk Pd2Si, based on experimntal results

described here and on theoretical calcuilations, is being pubbliod seperaiely.22

IL EXPerbenta Tecbqiee

All depositions and measurements excep the TEM studies were carried out In ultraigh

vacuum (UHV, p - I x 10- 10 tonf.). Sample. were cut fro 0.010" thick SO(111) and (100)

wafers. The surfaces were cleaned by in-situ ion bombardment. Surface structure damg
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was then removed by annealing to -800.850*C for 5-30 ain. using direct resistive heating of

the sample through Ta clamps holding the sample; visual inspection of the Slowing surface

during annealing revealed that the sample temperature was quite uniform (:550*C) over the

entire portion of the surface between the clamps, where spectroscopy measurements were

done. The sample temperature was monitored by a chromel/aiumel thermocouple spot-welded

to one of the Ta clamps; temperatures during annealing were also checked by optical pyrome-

try.

After the sputter cleaning and annealing, ordered surface structures were observed by

LEED. For Si(l 11). studies on both the (7 x 7) reconstructed surface and a (1 x 1) surface

(probably representing a disordered (7 x 7) ) were carried out and gave essentially the same

results. The Si(100) surface ezhibited a c(4 x 2) superstructure, with (4 x 2) LEED spots faint

but clearly visible in addition to the (2x 1) structure. AES showed the surface to be

contaminant-free to about 1% of a monolayer.

Pd overlayers were evaporated by direct sublimation from a resistively heated 0.010" dia.

Pd wire. Pd coverages were determined using a quartz crystal microbalance and also by Auger

composition analysis; coverages are given ian terms of equivalent Pd metal thickness. The Pd

source could be maintained at a constant sublimation temperature for a low deposition rate

(- k/man.); controiled deposition amounts could then be made by removing a shutter from

the evaporant path to the sample for a fixed length of time. In this way relative coverages

were accurate to - 10-20% for sequential deposition studies.

UPS measurements were made using a differentially pumped He resonance iamp (Hof.

Hell. and Nei lles at incident photo. energise ha = 21.2. 40.8. and 16.1 eV respectrvely).

For the angle-melved UPS studies a VG ADES 400 spectrometer was used, while a PHI

15-255G cylindrical mirror analyzer was employed for angie-integrated UPS and AES

measurements. Electron counting techniques wre ued for UPS. The work function of the

surface was obtained from the width of the UPS distribution (secondary electron cutoff to

LAi
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Fermi energy cutoff), which is simply (h.-#). Both AES derivative and integrated spectra

(dN/dE and N(E) respectively) were measured in analog detection mode with a SkV primary

beam of -1AA defocussed to -mm dia.; beam-chopping was employed for the N(E) meas-

urements. AUPS and AES spectra were acquired into a computer using a device coupler23;

this facilitated the calculation of difference spectra as well as graphics analysis.

TEM studies were carried out after the Pd/Si samples were removed from the UHV

system to investigate the compound phases formed, their lattice constants, degree of epitaxy,

and interfacial microstructure. Related TEM and ABS results on the Pd/Si(11l) interface

have been published previously. 18-24

The surface spectroscopy studies of the interfacial reaction were carried out in two ways.

First, progress of the reaction was monitored for relatively thick Pd ove-layer films

(-100-300A) as a function of sequential annealing cycles. Second, the character of the film

surface was studied as a function of distance from the interface by observing the spectra after

successive depositions of very thin Pd Layers (-1/41). These very thin film depostio results

reveal in a rather direct fashion the microscopic chemical properties during the initial stages of

interface formation. The spectroecopy measureents are sensitive to the interface for metal

coverages of order the electo escape depth (~5 - 25 1); if further metal depoition does not

altar the properties of the underlying interface, then these measurements give information

characteristic of the buried contact. Furthermore, we note that the interface propertie

measured bere under clean UHV conditions may also be relevant to "real" ("dirty") interfac-

es for many cases of suicide formation (including that of Pd2Si) on contaminated. oxide-

covered surfaces, the reaction front moves into the Si subetrate to yield a relatively clean

licide/Si interface.



MI. Results

A. Sequential Annealing of Thick Films

UPS results for successive annealing cycles to react a thick Pd overiayer film illustrate the

progress of the reaction and reveal the basic electronic structure of the reaction product,

Pd2Si. as shown in Fig. 1. First a- clean, ordered Si( I 1) surface was produced and measured.

in this case by angle-resolved UPS; the ARUPS properties of this surface were in agreement

with those reported previously. A relatively thick Pd film (-300k) was then evaporated onto

the Si substrate which was held at 25"C. The ARUPS spectrum of this overlayer for 150

angle of incidence of the Hel light and normal emission is shown in Fig. 1a. The Pd(4d)

bands of Pd metal produce the strong doublet structure seen between -3 eV and -0.5 eV,

while a distinct metallic cutoff is observed at the Fermi energy EF. The work function of this

surface, obtained from the width of the UPS spectrum. is* - 5.5 eV as typically observed for

evaporated Pd metal. Normal emission spectra like that in Fig. Ia were nearly identical to

those for a Pd( I I I) single crystal surface26 since the surface of the deposited film is unreacted

metal and has strong (I ) texture as shown by the TEM studies.

Three successive 1500C annealing steps (-30 sec each) cause strong modifications in the

ARUPS spectrum (Figs. lb, Ic, and Id) and reduce 0 to -5.04 eV: at this point a single peak

near -2.75 eV dominates the spectrum and a weak Fermi edge remains. Two further

annealing steps shift this peak slightly toward lower energy without further changing # or the

overall spectral shape.

TEM analysis carried out after removing the sample from the UHV system determined

that the overlayer film whose spectrum is shown in Fig. If was continuous and fully reacted to

Pd 2 Si. with no other phases detectable. As explained below, the surface properties (UPS

spectrum and ,) for this film were also characteristic of the Pd 2Si bulk of the film. Thus
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Pd2Si has oM5.04 eV; its UPS spectrum is dominated by a single peak (associated with the

Pd(4d) electrons 18.22 ) near -2.75 eV.

The ARUPS spectra of this Pd 2Si film are insensitive to variations in h, (16.8, 21.2, or

40.8 eV), angle of incidence, or angle of emission, in contrast to those for the deposited Pd

metal film and for the clean Si surface. This lack of dispersion can be attributed to two

factors. First, although thin film studies have established that Pd2Si can be formed epitaxially

on the Si( 111) surface, 27 .28 we found that a high degree of epitaxy is not readily achieved for

Pd 2Si formation on the atomically clean and ordered Si( 11) surface: although Z95% of the

silicide could be made epitaxial, values near 30-50% were more typical. Without epitaxy,

angular dispersion in ARUPS is expected to be lost. A second explanation for the insensitivity

of the ARUPS spectra to angle and to h is that Pd2 Si has a rather large (9 atom) real space

unit cell 2 7, and the correspondingly small unit cell in reciprocal space may therefore have

many nearly flat bands and exhibit little band dispersion.

Finally, we note that the change in the UPS spectrum of the film surface is rather abrupt:

although the annealing steps were all the same in Fig. 1, nearly all changes occur between

curves lb and Id while only a reduced emission intensity is seen from la to lb and small

changes from Id to If. This behavior indicates that the reaction front at which Pd is convert-

ed to Pd 2Si is rather sharp. As explained below, it begins at the Pd/Si interface (where Pd2Si

is formed): then the Pd2Si/Pd interface proceeds through the Pd film toward its surface; when

it comes within the UPS detection depth, the spectrum changes markedly.

B. Sequential Deposition of Thin Films-UPS Results

AJUPS spectra for sequential depositions of very thin Pd layers on the clean Si( 11)

surface at 25°C are shown in Fig. 2. The spectrum for the clean surface shows bulk Si peaks

near -7 and -3.5 eV and intrinsic surface state features 25 near -1.8 eV and -0.9 eV. The

Si(ll)-(7x7) surface is known to be metalic 2s (the associated metallic Fermi edge is not



~77

"7-

clearly observed here because of the modest energy resolution used (-0.35 eV) and the

disorder of the superstructure which we believe is responsible for the (I x 1) LEED pattern

seen).

Upon Pd deposition the emission intensity increases signficantly due to the considerably

larger UPS cross-section of Pd (from its 4d electrons) compared to that of Si. With increasing

Pd coverage the intrinsic surface state features are lost and metallic states appear much more

clearly at EF. The bulk Si features observed for S I, metal coverage exhibit no shift in

energy, so that no evidence for band-bending changes is found. The work function increases

by -0.9 eV. A new peak arises near -3 eV (e.g. see the 1.0 curve) and shifts up in energy

(toward EF) slowly. The spectra for -2-12A closely resemble the ARUPS spectrum of Pd2 Si

in Fig. If, although relative intensities of various parts of the spectrum differ somewhat. The

main peak of Pd2Si in both AMUPS and ARUPS is asymmetric-.sharper on the high energy

side and having shoulders near -4.5 eV and -6.3 eV on the low energy side. Auger compos-

ition calibrations for films -5-101 thick like those in Fig. 2 indicated the presence of a Pd-Si

layer having about a Pd2Si stoichiometry on top of the Si substrate. These AIUPS spectra are

thus essentially characteristic of Pd2Si compound.

Although the shift of the main d-band peak from -2A to 12A Pd coverage is relatively

small, comparable coverage increments from 12 to 22A and from 22 to 32A produce a more

pronounced shift toward Ep. As discussed in detail later, we associate this with the presence

of unreacted Pd metal near the surface in addition to Pd2Si in the film (or possibly Pd-rich

Pd2 Si). The ALUPS spectrum is then a combination of the Pd 2Si spectrum (d-band peak near

-2.75 eV) and a Pd spectrum (center of mass of d-band structures near -1.75 eV) so that the

main peak occurs somewhere in the middle (--2.0 eV for 32k coverage). Since sillcide

formation begins at the Pd/Si interface and proceeds through the Pd film, progressively less

reaction may have taken place at positions further from the interface (which are seen in the

surface spectra for higher coverage).
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In order to better understand and interpret the changes in the UPS specua-especiay for

low coverage-we concentrate on "difference spectra". Because the Pd cross-section is much

larger than that for Si, the difference curve obtained by subtracting the clean Si spectrum from

the Pd-covered spectrum is nearly the same as the Pd-covered spectrum itself if the coverage is

Z 41. Corresponding difference curves for lower coverage show the electronic structure

changes associated with all the deposited Pd present at that point. However, even more

revealing information can be obtained from "incremental difference curves" such as those

shown in Fig. 3b, 3c, and 3d for Pd/Si(l 11); these are representative of electronic structure

changes associated with additional 0.251 Pd coverage increments deposited on top of whatev-

er Pd was already present. These difference curves are compared to the spectra for clean

Si(111) and those for 41 and 12k Pd/Si(111) in Fig. 3.

Although not at all obvious from the spectra in Fig. 2, the difference spectra in Fig. 3

show clearly that the electronic structure associated with submonolayer amounts of Pd

deposited on Si( 111) closely resembles that of Pd 2Si (Fig. 3f), with a weak Fermi edge and a

strong asymmetric peak (high energy side sharper) -3 eV below EF. This marked similarity

leads us to conclude that chemical bonding at very low coverage is very similar to that in Pd2Si

(as seen by UPS), i.e. a Pd 2Si-like compound is formed. We note, however, that therm are

some differences between the electronic structure at very low coverage and that of bulk Pd2Si.

The d-band peak shifts from an initial position at -3.5 eV (Fig. 3b) continuously toward El

with higher coverage, reaching -- 2.75 eV in bulk PdSi for Z 101 coverage. Furthermore,

the intensity near EF, i.e. in the Si band gap region, appears somewhat enhanced at low

coverage relative to the main d-band peak.

Corresponding AJUPS results for very thin Pd layers on the clean Si(100) surface are

shown in Fig. 4. Intrinsic surface state features exist 29 near -0.7 eV and -1.3 eV; the latter

is seen clearly in Fig. 4a and gives rise to a marked dip at this energy in the difference spectra

(Figs. 4b and 4c). In spite of the differences between the initial clean Si(11l) and (100)
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surfaces, the results are very similar. On the (100) surface, as on the (111) surface, the Pd 2Si

spectrum is observed at -121 Pd coverage. The low coverage difference spectra on Si(100)

also show the essential Pd2 Si spectral characteristics, including a well-defined Fermi edge, a

strong d-band peak near -3 eV, and the shift of this peak from -- 3.5 eV at lowest coverage

to a final position near -2.75 eV at higher coverage. Silicide formation thus occurs in a very

similar way on Si(100) as on Si(111).

The low-coverage UPS spectru ar much more similar to those for bulk Pd 2Si than to

those for very thin overlayers of pure transition metals. The UPS spectra for thin Pd layers on

Ag 3° and Pd alloyed with Ag31 show resonant d-levels with widths and binding energies below

EF( I eV) which are -2-3X smaller than observed here for Pd on SL Thin Pd(I It) overlay-

ers on Nb(110) exhibit d-levels at -- 3.1 eV, again with a smaller width (-0.5 eV) than that

for Pd/Si.32 In both cases the coverage-dependent shifts of the d-level are much smaller (<0.2

eV) that those seen here (-0.75 eV). Very thin (SI monolayer) Pd films on polar ZnO

surfaces 3 3 do not react strongly with the ZnO; again the Pd d-bnds differ markedly from the

low-coverage Pd/Si spectra, with -2-3X narrower peak width and with peak asymmetry of the

opposite sign. Thus experimental UPS results provide no evidence favoring the presence of an

elemental Pd film at low coverage. Such a hypothesis is also contradicted by the existence of

epitaxy for Pd2 Si on Si(I II) and by the formation of Pd2 Si observed directly at higher

coverage.

On crystalline graphite surfaces the Pd d-levels at low coverage (in He I UPS spectra)

appear near -2.5 eV and shift somewhat (-0.5 eV) toward Ep with increasing coverage. 34

Their width is also comparable to that for Pd/Si. Thus the Pd d-band behavior at low

coverage is similar on Si and graphite surfaces, but this could also result from similar chemical

bonding and stoichiometry effects in a mixed Pd-Si or Pd-C interfacial material, especially

because Si and C are isoelectronic.
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We conclude that a Pd 2Si-like compound is formed at low coverage insofar as its elec-

tronic structure as seen in UPS is concerned.

C. Sequential Deposition of Thin F'dms-AES Results

The Si L2.3VV Auger spectrum provides a valuable measure of interface electronic

structure because: (i) it is clearly sensitive to the chemical environment of the Si atom and its

local valence bonding; (ii) its lineshape is bandlike (ie. revealing density-of-states informa-

tion) rather than quasi-atomic; and (iii) it is atom-specific, showing local density-of-states

properties at the Si site--in complementary relation to the UPS valence band spectra, which

reveal mainly Pd d-band features. Other Auger transitions involving the valence band am

either quasi-atomic (e.g. the Pd M4,5VV near 330 eV) or otherwise not satisfactory for studies

of the initial stages of interface formation because they are too weak (e.g. the Si KLV near

1650 eV) or overlapping with other Auger transitions (e.g. the Si LIL2.3V near 50 eV).

The Si L2 ,3VV AES spectra for the clean Si( 11) surface and for thin Pd layers deposited

at 25*C are shown in Fig. 5 (undifferentiated or N(E) mode). The spectra all have a common

zero for N(E). The dominant peak in the clean spectrum, at -88.5 eV, is replaced by four

new features at -94, 89.5, 85, and 80 eV, as Pd is deposited on the surface. Since this Si

AES transition is observed for thicknesses L30, which are large compared to its Auger

escape depth (-71 in elemental Si), Si is present in the deposited overlayer. Auger compos-

ition analysis has demonstrated 24 that the stoichiometry of overlayers formed in this way for

Z A3-5k Pd coverage is essentially that of Pd2Si, and TEM analysis of such samples confirms

the existence of the Pd2 Si lattice structure. The spectrum in Fig. 5f thus represents that of

bulk Pd2SL The interpretation of its features has been discussed previously22; they involve

mainly the Si(3p)-Pd(4d) bonding and antibonding valence state which determine the cohesive

energy and phase stability of the Pd2 Sl compound.



Because of the proximity of the Si 88.5 eV and the Pd2 Si 89.5 eV peaks (which are

respectively suppressed and enhanced with Pd coverage), standard difference curves (Pd-

covered minus clean surface spectra) and incremental difference curves (as used in the AIUPS

results in section UIB) would be misleading. We therefore analyze the AES spectra for the

initial stages of interface formation by decomposing the N(E) spectra into a portion due to

elemental Si and a portion due to the Pd2Si-like compound. Since the elemental Si part

corresponds to Si below the overlayer, its shape will remain constant (that seen in Fig. 5a)

while its intensity decreases with overiayer thickness. Since there is no evidence for band-

bending changes from UPS, we assume that the elemental Si contribution remains unshifted

for decomposing the AES spectra.

The decomposition of the Si L2 3VV spectra in Fig. 5 into Pd2 Si and elemental Si

contributions is shown in Fig. 6. It is clear that, as in the AIUPS results, the essential features

of the bulk Pd2 Si spectrum dominate the interface electronic structure observed at very low Pd

coverage (these AES results would be inconsistent with a hypothesis that a very thin elemental

Pd film is formed at low coverage). However, some differences (as in the AIUPS results) are

found between the low coverage spectra and the bulk Pd2 Si spectra. The 94 eV peak (and

possibly the 79 eV peak) shift toward higher energy with increasing coverage. The intensity

of states nearest Ep (reflected in the highest-energy AES structure at -94 eV) decreases with

increasing coverage relative to the other peaks at lower energy. Like the AIUPS results, these

spectra indicate that a Pd2Si-like compound is formed in the initial states of interface forma-

tion.II
D. Work Function Measurements and Schottky Barrier Height

By monitoring the shift of the secondary electron cutoff (i.e. changes in the width of the

UPS spectrum), work function changes as small as -30-50 meV could be detected. Since the

Pd sublimation rate could be maintained constant over many thin layer evaporations, the
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change in work function with coverage could be measured in considerable detail, as shown in

Fig. 7. With increasing Pd coverage # increases monotonically from its value for the clean

SO(11) surface (4.6 eV25) to that of Pd2Si (*-5.04 eV) in -10-121, then rises more slowly

with further Pd coverage. The shaded 0 region, -5.0-5.1 eV, represents approximately the

range of bulk Pd 2Si work functions, as described in section IE. For Pd coverages above

-I0-Ik deposited at room temperature, # increases toward that of Pd metal (-5.6 eV) due

to the presence of incompletely reacted Pd metal at the surface of the overlayer. This is

consistent with the coverage-dependence of the main d-band peak position seen in AIUPS

(section IHM).

The # behavior in Fig. 7 shows a delayed onset of # changes, and # does not reach its

- Pd2Si value until -8-101 Pd coverage. Two factors may influence this behavior. First, the

UPS measurement of the surface work function concentrates on the threshold or cutoff of the

secondary electron distribution. If the surface consists of patches of material having different

values (e.g., some clean Si and some Pd2 Si), the measurement will be much more sensitive to

the lower # material, which determines the actual cutoff. This fact may explain why the onset

of work function changes is delayed until -2A Pd coverage. However, this effect appears

incapable of explaining why the Pd2 Si work function is not obtained by -3-51 coverage, since

TEM observations for this coverage showed the overlayer to be continuous.

The second factor which could account for both the delayed onset of work function

changes and the delay in attaining - OpdSi is that the material produced at the

interface-i.e., in the initial stages of interface formation-may differ somewhat from bulk

Pd2Si. This would be consistent with the differences (discussed n sections IDT and HIC) in

the AXUPS and AES spectra for very low Pd coverages compered to those for bulk Pd2 SL

Since # for a Pd-Si mixture or compound mat iUely scales monotonically with concentration

between the work functions of the elemontal constituents, a plausible interpretation of the

delay in reaching #pd.Si is that the material produced near the Interface has a largr Si/Pd
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concentration ratio that that in Pd2 &-i.e., it is Si-rich Pd2Si. This possibility is discussed

more thoroughly in section IVB.

It is interesting to compare the Schottky barrier height of these atomically clean interfaces

with thick film results obtained under more usual processing conditions. The barrier height of

the contact is given by the value of the clean Si surface modified by the metal-induced change

in band-bending. For the clean n-Si( 111) surface, we take the Schottky barrier height to be

EC-EF - 0.79 eV 35 .36 (where Ec is the energy of the conduction band minimum at the

surface); for n-Si(100) it is similar29 (0.75 ± 0.15 eV). The metal-induced change in

band-bending can in principle be obtained from the shift in a bulk Si UPS feature; using the

bulk structures near -7 eV for the clean Si(ll) and Si(100) surfaces, the band-bending is

unchanged by Pd deposition (to :0.1 eV). (Above 11 Pd this peak is not easily distin-

guished so that further band-bending changes are not measured). This would give a Schottky

barrier height for the Pd2Si film on both the clean Sj( 111) and Si(l00) surfaces of -0.79 ±

0.1 eV, in good agreement with thick film results. 16 This agreement may result from the fact

that the Pd/Si interfacial reaction occurs whether or not native oxides and/or contamination

are present, producing regions of relatively clean Pd 2Si/Si interface which determine the

electrical properties.

E. Interface and Film Reaction Kinetics-Effects on Surface Spectroscopies

It is worthwhile to emphasize the rapid reaction kinetics observed here for Pd2Si forma-

tion. Although thin film investigations have shown that 2000C annealing is required to form

Pd 2Si from Z 1000A, Pd film deposited under modest vacuum conditions onto substrates

prepared by standard processing techniques (wet chemical etch, etc.), we find spontaneous

Pd2SI formation within -10-20A of the initial interface at 25*C. In fact, we also carried out

AIRPS experiments with the Si( 11) sample held at -1800K and obtained results essentially

identical to those in Fig. 2, suggesting that silicide is formed even at low temperature in

oasically the same way as at room temperature.
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The fast reaction kinetics observed here cannot be directly compared with standard thin

film studies for three reasons. First, the present studies concentrate on much thinner films, so

that mass transport (believed to be the rate-limiting step in relatively thick Pd2 Si rAim growth)

may be less important. Second, these experiments have been carried out on atomically clean

and ordered Si surfaces under UHV conditions which allow Pd deposition without significant

interface contamination, so that the kinetics of interface reaction steps in the Pd2Si formation

process may thus be much faster and could even be qualitatively different. Thd, the present

experiments concentrate in fact on the initial stages of silicide formation, in which at low

coverage Pd2Si is produced at the Pd/Si interface; in contrast, the Pd 2Si growth process for

thicker films involves interface reaction steps at the Pd/Pd2Si and the Pd2Si/Si interfaces in

addition to mass transport.

Since the silicide formation reaction originates at the Pd/Si interface, temperature

dependence and thermal history will strongly influence what phases are present at various

distances from the initial interface. In order to safely use the surface spectroscopy results, we

must therefore be sure that the surface region from which spectra are obtained are composed

of the phases we identified, e.g. for the full overlayer film by TEM. The results of this

analysis are especially important because we attempt to first identify the UPS and AES

features characteristic of the bulk silicide product (Pd2Si) and then to interpret the interface

electronic structure (low-coverage spectra) on the basis of their comparison with the bulk

silicide electronic structure.

An example of this problem was already shown and discussed in conjunction with Fig. 2.

As the Pd coverage is increased above -12A the main d-band peak of Pd2Si appears to shift

closer to EF; this is because at 25°C the reaction has not gone to completion at the outer

surface of the overlayer. Here unreacted Pd metal is mixed with Pd2Si (or possibly the Pd2Si

is Pd-rich), giving a composite surface spectrum with a d-band peak position between that of

Pd2 Si and Pd metal.
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Other examples of this "under-reaction" condition of the surface are illustrated by two

dashed curves in Fig. 8, which correspond to different Pd coverages deposited at room

temperature. It is clear that the d-band peak position can be varied continuously from -- 3.5

to -- 1.5 eV by changing the coverage for a 25*C deposition temperature. In contrast, we

found that a brief (- few minutes) annealing at -200"C returns surface spectra essentially to

that of Pd2 Si, as indicated by the solid curve in Fig. 8 as well as the 12. curve in Fig. 2.

Figure 7 shows that the work function behavior with coverage changes at 4 a 5.0-5.1

eV, indicating a # value in this range for bulk Pd 2Si. Since both the work function and the

d-band peak position EPEAK are sensitive to and vary with Pd coverage (but in different

ways), we used their correlation to determine o and EpE K characteristic of bulk Pd2Si. This

relation is depicted in Fig. 9a for Pd/Si( 111). The very thin film deposition results are shown

by solid dots, and EPEAK in this case corresponds to the d-band peak position from the

incremental difference curves. As also seen in Fig. 7, * increases from the clean Si( 111) value

(4.6 eV) to -5.04 eV as the Epp.K increases. Once* a 5.04 eV is reached, o increases only

very slowly while EppAK shifts closer to E with the presence of additional unreacted Pd metal

at the surface; this unreacted metal mikes a direct contribution to shifting the peak but does

not change ., significantly because opd a 5.6 eV, considerably larger than #pdsi a 5.04 eV.

This behavior is a clear indication that :he surface is composed of Pd2Si regions and unreacted

Pd metal regions.

The thick film annealing behavior is also depicted in Fig. 9a, by open circles and trian-

gles. In this case # starts from about the Pd metal value and decreases to the Pd2Si value as

the silicide formation reaction reaches the top surface. Note that in both the thick film

annealing and thin film deposition results # reaches a plateau at the same value,, a 5.04 eV.

We therefore identify this as #pdA. This state of the surface occurs for EPEAK at -2.75 eV.

which thus represents the d-band peak position for bulk Pd.2Si. The area enclosed by the
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dashed line in Fig. 9a indicates an approximate parameter space in which the surface region of

a Pd 2Si film is essentially Pd2Si. like the underlying bulk.

The # vs. EPEAK results for Pd/Si(100) are shown in Fig. 9b. The behavior is similar to

that of Pd/Si(I 11) except that the initial work function for the clean surface is higher.

These results demonstrate that the "under-reaction" or Pd surface enrichment problem at

the top surface occurs at 25°C only if the film is Z 10-15A; at lower coverage the top surface

is sufficiently close to the initial Pd/Si interface that all the Pd is converted into Pd2 Si form

by the interface-driven reaction. With annealing for several minutes at 150-2000C, a thicker

overlayer can be transformed completely into Pd2S!.

Annealing at still higher temperatures like 4000 C (or possibly much longer annealing

times at -200 0 C) produces yet a different effect, as shown by the dotted AUPS curve in Fig.

8. The lineshape changes somewhat and the emission intensity is reduced considerably. The

correlation between the AIUPS and the AES spectral changes, depicted in Fig. 10, demon-

strates that the 4000C annealing cycle ("over-reaction" condition) decreases the Pd/Si

concentration ratio at the surface dramatically. 37 It also returns the Si L.VV AES lineshape

to its elemental Si form, suggesting that the surface layer(s) may be relatively free of Pd and

perhaps covalently bonded. Finally, we note that exposure of this "over-reacted" surface to

oxygen produces an AItPS spectrum like that resulting from oxygen exposure to the clean Si

surface; in contrast, the Pd2 Si surface formed by 2000C annealing is relatively inert to oxygen

exposure.

Whereas the cause of the "under-reaction" condition (Pd surface enrichment) is clearly

the fact that the silicide formation rate is lower further from the interface, the cause of the

"over-reaction" condition (Si surface segregation) is less obvious. One possibility is that the

solubility of Si in Pd 2Si is temperature-dependent, so that at 400"C more Si dissolves and

must then segregate back into the Si or to the Pd2 Si surface upon Cooling to 250C (at which
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the measurements were made). This possibility is being checked expertmentaily. Alternative-

ly, the surface free energy may be reduced (for some unknown reason) by the presence of a Si

layer at the vacuum interface.

IV. DbeniteM

A. Reaction Behavior

The UPS and AES spectra presented here demonstrate clearly that the clean Pd/Si

interface is reactive. As emphasized by previous work, 3"3 this implies that a meaningful

understanding of the Pd/Si Schottky barrier requires detailed knowledge of the microscopic

interfacial chemistry. By measuring the dependence on reaction parameters such as tempera-

ture, source supply (here Pd thickness), etc., it has been possible to determine how the state of

the system varies with these parameters, then to deduce the surface spectroscopic properties of

the Pd2Si reaction product, and from this to have a basis for interpreting observations of the

initial stages of interface formation.

Although some characteristics of the very low coverage results remain to be discussed in

detail and evaluated below, it is clear from section IME that a well-defined Pd2 Si compound is

formed at ~3-12A Pd coverage from '-180K to - room temperature. At higher coverage the

surface of the overlayer becomes partially unreacted. The reaction product and processing

temperatures are similar on the atomically clean Si(111) and Si(100) surfaces. The evolution

of the partially unreacted surface for sufficiently thick films at -25*C demonstrates that the

initial stage of the silicide formation reaction (Pd 2Si formation at the Pd/Si interface)

proceeds considerably faster than the growth rate of thicker sificide films (i.e. after some Pd2 Si

is present). This may be a consequence of the heat of adsorption of Pd on Si. the energy of

which could be sufficient to promote the initial reaction step spontaneously even at low

temperatures.

B. Low Coverage Reaction Product

h~Me



As discussed earlier, the evidence supports an idenufication of the interfacial material

formed at low coverage as a Pd2 Sa-Like compound. First, the low coverage UPS and AES

spectra (difference curves) are strikingly similar in shape to those for bulk Pd,Si Second. this

similarity holds both for the Si local density-of-states (as men in the Si L..3V' AES spec-

trum) and for the Pd density-of-states (which dominates the UPS spectrum) Recent TEM

vertical sectioning results38.39 for the buried interface show the lattice fringes of the Pd 2Si

overlayer and the Si substrate continuing to an atomically abrupt interface Identifytng the

low-coverage reaction product as a PdSi-like compound provides a reasonable startmg point

for the abrupt buried interface, for the interface-driven character of the reaction, and for

epitauial Pd 2Si growth on Si( Il l ). It also gives physical insight into the microscopic cbemical

origin of the interface electronic structure observed during the initial stages of interface

formation. it says essentially that the metal-induced states at the interface are primarily those

of the Pd.Si-like compound (ormed.

C. Spectroscopically Observed Chemical Shifts

However, the low-coverage spectra are not completely eqwvalent to thoe of bulk Pd.Si.

The d-band peak position in UPS appears -0.73 eV further below EF than in Pd.Si and shifts

smoothly with coverage. With increasing coverage, the higbest-energy AES peak near 94 eV

also shifts toward higher energy and decreases in intensity relative to the other AES peeks

As explained previously, 22 this peak is associated with Si(3p)-Pd(4d) antibonding states, so

that its energy shifts may be related to those of the main d-bend peak observed in the UPS

spectrum.

It is interesting to note that these chemical shuts seem to persist to Pd coverages conad-

erably larger than both the first monolayer or so and also the screening length (-I;.) in the

metallic Pd 2Si film. In the AES spectra (Fig. 6). the position and relative intensity of the 94

eV peak continue to change even out to 30A Pd coverage. Since this particular feature of the

Si L2.3VV AES spectrum is associated specifically with thoe Si atoms bonded to Pd in silicide
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form. these variations are relatively free of complications from the "under-reaction" and

"over-reaction" phenomena discussed in section [IIE. In the UPS spectra (Figs. 3 and 4), the

d-peak shifts are most dramatic in the first 1 but are still clearly evident at -12A coverap.

The UPS shifts persist on fully reacted PdSi films to -100,.18 although a slight "under-

reaction or 'over-reaction" condition could contribute to an apparent peak shift in these

measurements. We recognize, however, that the smaller peak shifts observed in the 10 - 100

A coverage range are further complicated by the finite electron escape depth (-7 - 20 A),

which zan broaden the coverage range over which peak shifts are detected.

1. Interface Strain

Strain caused by lattice mismatch at the interface could alter the electronic structure near

the boundary and cause changes for tens of A or more from the interface. For Pd/Si(ll)

(the epitaxial case) the Pd Si basal plane lattice constants were in fact found to increase at

low coverage toward the Si( 11) value, and at the same time the d-band peak shifted to larger

binding energy However. virtually identical d-peak shifts with coverage are observed (Fig. 4)

for Pd, Si( 100). where no epitaxial relationship exists and interface strains should be different.

Lnless the Pd, Si( 100) interface would be drastically reconstructured to consist of Pd/Si(11)

facets. it is difficult to accept interface strain u the explanation for the coverage-dependent

chemical shifts.

2. Stoichiometry Variations

An attracuve explanation for these chemical shifts is stoichiometry changes within the

PdSi compound near the interface. The Si concentration gradient across an abrupt PdSi/Si

interface seems a logical driving force for motion of Si atoms across the boundary. In this way

Si- nch PdSi would be produced near the interface with a stoichiometry in the PdSi graded

over 10-IOOA to reduce the local Si concentration gradient throughout the film. The

AI . . . .. ,_ _
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low-coverage spectra would reflect the Si-rich stoichiometry of the Pd2 Si compound formed,

and with increasing coverage the surface region measured would be further from the Pd/Si

interface and thus less Si-rich, presumably reaching exactly Pd 2Si for very thick, fully-reacted

overlayers.

Evidence supporting this explanation comes from three sources. First, self-consistent

calculations for several Pd-Si compounds of different stoichiometry have revealed how

density-of-states features in Pd-Si compounds change with stoichiometry. 22 These calculations

employed the Augmented-Spherical-Wave method and treated Pd3 Si, PdSi, and PdSi3 com-

pounds in the Cu 3Au. CuAu, and CsCI structures, with lattice constants determined by total

energy minimization. For Pd 3Si, the local Si environment (only Pd nearest neighbors) was

close to that in PdSi. Although details of the calculated density-of-states changed somewhat

with crystal structure for a given compound, the essential qualitative features of the Pd-Si

chemical bonding were unaffected, and overall energy positions of structure did not change

dramatically with reasonable variations in lattice constant. Furthermore, the calculated

densities-of-states are consistent with more detailed self-consistent calculations of the real

Pd 2Si compound carried out by Pandey.40

These results illustrate the qualitative effects of stoichiometry changes clearly. The Pd-Si

bonding occurs by the formation of Pd(4d)-Si(3p) bonding and antibonding states which lie

respectively below and above the main Pd(4d) peak in the total density-of-states. 22 With

increasing Pd concentration, the antibonding states and the main Pd(4d) peak shift toward

higher energy; in going from PdSi to Pd3 Si, the antibonding states become empty. Phase

stability may be expected when a fraction of the antibonding states are emptied, so that from

these calculations a stable stoichiometry might be anticipated somewhere between PdSi and

Pd 3Si; this agrees with the fact that Pd2 Si is the stable compound. The observed UPS shift of

the main d-band peak up toward EF with increasing coverage and its interpretation as a

decrease in the Si excess of the Pd,Si (i.e. increased Pd concentration) is consistent with the

A,
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trends predicted by these calculations, as is the shift of the Si L2 .3 VV 94 eV peak toward

higher energy with coverage.

The second body of evidence that the chemical shifts arise from stoichiometry variations

in the Pd2 Si film comes from measurements of the spectra 4 "4 of Pd1 _.XSi metallic glasses,

which occur over the range x-0.15-0.25. For these Pd-Si mixtures, which are richer in Pd

than is PdSi, the main d-peak occurs within -2 eV of E F.i.e. closer to EF than observed here

for Pd2 Si. Furthermore, the UPS linesnape and work function are very similar to that for

Pd 2Si. Finally, the d-peak moves monotonically upward toward EF with increasing Pd

concentration of the metallic gis." These observations are all consistent with the

calculations 22 and with our invorpretation that the low coverage Pd/Si spectra represent more

Si-rich PdSi than the truly stoichiometric compound and that the amount of Si excess in the

well-defined PdSi film decreases with coverage or distance from the interface. Extrapolating

from the d-peak shift with concentration in the metallic glasses. 44 the apparent concentration

seen by UPS at lowest coverage might be as high as -45-60% Si; at higher coverage (2:4A )

where smaller chemical shifts from bulk Pd2 Si positions are observed, the Si concentration

should be not more than a few % Si excess for unannealed samples.

The third source of evidence supporting stoichiometry variations in the Pd4Si overlayer

film comes from TEM measurements of the basal plane lattice constants a0 /2 of fully reacted

Pd2Si films on Si( 11). 18 These show that with increasing PdSi film thickness from 20A to

300A the a0/2 value decreases from 6.58 to 6.52A; at the same time the d-peak position shifts

toward Ep from -2.93 eV to -2.76 eV. X-ray powder studies4s have indicated that larger

a0/2 values are obtained for "Si-rich" than for "Pd-rich" Pd2Si, although measurements were

confined to the range au/2 - 6.50-6.52A and stoichiometry was not quantified. This would

suggest that at lower coverage, where larger d-peak binding energies and corresponding larger

a0/2 values are observed, the Pd.Si is more Si-rich than at higher coverage. 46
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Thus it seems reasonable to interpret the coverage-dependent chemcial shifts as evidence

that a Si-rich Pd2 Si-like compound is formed at very low coverage and that the amount of Si

excess in the Pd2Si overlayer decreases with distance from the interface. This inference forms

a considerable part of the basis for a theory of silicide Schottky barriers proposed by

Freeouf. 47 In this theory, the work function on the metal side of the contact is shifted from a

sificide value considerably toward that of elemental Si by the Si-rich stoichiometry of the

silicide at the interface; the Schottky barrier height, which scales with the work function

difference across the interface in a simple Schottky picture,48 then exhibits considerably less

variation with different metal silicides than would be expected from metal or metal silicide

work functions.

3. Chemical Environment and Interface State Effects

For the low-coverage regime there exist other explanations for the relatively large

chemical shifts observed with coverage, based on the specific chemical environment of atoms

nearest the interface. First, Pd-Si bonds in the silicide closest to the Si substrate may appear

in these electron spectroscopy measurements to be in a Si-rich environment due to the

elemental Si charge density which forms part of that environment. Second, some of the Pd-Si

bonds may differ from those of the bulk silicide due to particular structural arrangements

present only near the interface. Third, a high density of metal atom interstitials within the Si

lattice could appear spectroscopically as a Si-rich silicide. 49 Differentiating between true

stoichiometry variations, local chemical environment effects, and altered interface bonding

arrangements in the low-coverage regime represents a difficult semantic and conceptual, as

well as experimental, task, so we cannot at present suggest which of these pictures (if any) is

more meaningful and accurate an explanation for the chemical shifts observed at low coverage.

Other electronic states in the band gap may be produced near the interface in addition to

the metallic states of the bulk silicide. This can be inferred from differences between the low

A ............ .-. -. .
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coverage spectra and the bulk Pd2Si spectra in the Si band gap region. Besides the shift of the

94 eV peak (associated with states just below EF) in the Si L-.3VV AES spectrum toward

higher energy with increasing coverage (Fig. 6), its intensity is enhanced at low coverage

relative to other peaks in the spectrum (this effect has been noted previously by Roth and

CroweU5 0). That the enhancement is more readily seen in the AES spectra than in UPS may

result from the fact that the Si L2.3VV AES spectrum is specific to the local Si atom density-

of-states (much of which is concentrated in the bonding and antibonding bands), while the

UPS spectra are dominated by much stronger Pd d-electron contributions elsewhere in the

spectrum. This enhancement of the density-of-states in the band gap region (near Er ) may

represent additional states characteristic of the interface. Such states could provide an

alternative explanation for the spectroscopically observed chemical shifts as well as for the

enhancement of the 94 eV AES peak. This question deserves further detailed study in the

future.

V. Conclusions

The main conclusions of this study may be summarized as follows:

1. Silicide compound formation (Pd 2Si) dominates the microscopic chemistry and

properties of the clean Pd/Si interface.

2. Consequently, the interface electronic structure in the initial stages of interface

formation-and presumably for the thick metal contact (buried interface) as well-is

primarily that of Pd2Si: strong Pd(4d) bands about 3 eV below E F with bonding

Pd(4d)-Si(3p) bands below and corresponding antibonding bands near EF forming the

conducting states of the metallic Pd 2Si compound.

3. Reactivity at the clean interface is very high: silicide formation occurs spontaneously

at the interface even at temperatures as low as 180 0 K.

4. Coverage-dependent chemcial shifts in the spectroscopy measurements can be

interpreted as evidence for interface-driven stoichiometry variations in the Pd2.Si
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overlayer; these would consist of Si-rich Pd 2 Si near the interface, with a graded

stoichiometry (Si excess) which decreases with distance from the interface.

5. The observed work function behavior can be fully understood on the basis of Pd2Si

compound formation and the thin film kinetics phenomena (Pd surface enrichment due

to incomplete reaction. Si surface segregation by "over-reaction") which occur. As a

result, the , behavior provides no direct evidence for interface dipole formation

(although such a contribution cannot be ruled out); instead, it gives a very sensitive

measure of the thin film reaction kinetics and surface segregation phenomena.

6. As a consequence of interface reactivity, the reaction kinetics of the thin overlayer

film becomes an important experimental complication, especially when surface-

sensitive spectroscopic techniques like UPS and AES are used. However, by studying

the dependence on thermal history, it is possible to obtain reliable results from these

techniques.

This study has produced a relatively simple picture of the microscopic chemical behavior

at the Pd/Si interface, in which compound formation has been clearly identified and plays a

dominant role in determining the interface electronic properties. This suggests the possibility

that similar chemical processes might equally well explain previous results in other

metal/semiconductor systems. For example, Pd-GaAs reactions are known to produce various

compounds S2 like Pd 2 Ga, PdGa, and PdAs2 . The UPS difference spectrum for 2-3 monolayers

of Pd on GaAs(1l0)5 3 is very similar to that of Pd 2Si: its dominant d-peak occurs at -- 2.5

eV with a full width at half maximum of -3 eV. This suggests that compound formation may

take place at the Pd/GaAs( 110) interface, although the identity of the reaction product is not

known.

The insight which has come from the present study of the Pd/Si interface partly results

from the fact that the chemical reaction is simple, producing a single product-Pd2Si. This

characteristic was anticipated from previous thin film studies (albeit under less controlled
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interface conditions) and played an important role in the choice of this particular reactive

interface. Although some of the other silcide-forming interfaces may produce multiple

products, rather extensive thin film results are available for such systems.

In contrast, no bulk compounds are known for the simple metals (Al. Ga. and In) on Si.

This makes it difficult to characterize what (if any) chemical reactions may have occurred at

the corresponding interfaces. Identifying reactions at compound semiconductor interfaces is

made difficult by (i) the larger number of possible reaction products, (ii) the simultaneous

presence of several reaction products, and (iii) the possibility of preferential surface

segregation 5 4 . This underscores the need for more thin film investigations of reactions

between metals and compound semiconductors. In spite of these problems, significant

progress has been made in identifying chemical reactions at clean metal/fl-V semiconductor

interfaces, such as the exchange reaction for Al/GaAs.5 6

The results presented in this paper have demonstrated that surface spectroscopy techni-

ques can reveal the microscopic chemical processes occurring at the reactive metal/Si interface

and display many aspects of the interface electronic structure. The further challenge is to

develop reliable techniques for in-situ monitoring of changes in the Schottky barrier height at

low metal coverage and/or to correlate the interface electronic properties and microstructure

with the electrical properties of the bulk contact, so that the mechanism(s) which really

determine the Schottky barrier height can be identified.
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Fig. 1. a) ARUPS spectrum for -300A Pd deposited on Si(111) at 25*C; (b)-(t)

subsequent spectra taken after stepwise annealing cycles of 30 sac at 1500 C.
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Fig. 3. A1UPS incremental difference curves for (b) 0.25A Pd-covered surface minus

clean Si(1 I1I) surface, (c) 0.5A minus 0.25A Pd-covered surfaces, (d) 0.75k

minus 0.5k Pd-covered surfaces, and AMUPS spectra for (a) clean Si(1 11), (e)

-4k. Pd on Si(lI11), and (f) - 12k Pd on Si(1 11).
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Fig. 4. AMUPS incremental difference curves for (b) 0.25A Pd-covered surface minus

clean Si(100) surface, (c) 0.5A minus 0.25A Pd-covered surfaces, (d) 0.75k

minus 0.5A Pd-covered surfaces, and ARUPS spectra for (a) clean Si(I0), (e)

4A Pd on Si(100), and (f) "-12A Pd on Si(100).



33

5AES Si LZ, 3 VV- _

2_ --

7 80 90 100
AUGER ENERGY (@v)

Fig. S. Si L2.3 VV AES N(E) spectra for (a) the clean Si(lll) surface and for

increasing Pd coverages (b) ik. (c) 3k. (d) I01. (a) 17;. (f) 30k

Pd/Si (,,, AES Si j
51- _ I ':i'

ib l i 10 - L \ 3,,vJ l- , d1 0% \ I %. ,"
I , AA ,. n-.. -. ,l -

70 80 90 10070 80 90 100
AUGER ENERGY (V)

Fig. 6. Decomposition of the Si L.3VV AES spectra for Fig. S into Pd 2Si and

elemental Si contributions.



2

34

Op, S.

5.00-4.96 - 0/0°0

S/
.7 - %0OK 0EPOSITION

4.5

0 2 4 6 8 12 4 6 820 22 24

COVERAGE (1)

Fig. 7. Coverage-dependence of the work function (measured by AIUPS) for Pd

deposited on Si( I l) at room temperature. The region of Pd 2Si work function

is indicated by the shaded area.
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Fig. 8. AMUPS spectra:

(i) dot-dash curve-the clean Si(l 1) surface,

(ii) dashed curves---the "under-reacted" Pd2Si surface, i.e. Pd2Si enriched

at the surface by excess unreacted Pd metal.

(iii) solid curve-Pd2Si (surface and bulk), formed by 2000C annealing;

(iv) dotted curve--the "over-reacted" Pd2 Si surface. i.e. Si-enriched by Si

surface segregation.
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steps (open circles and triangles). The plateau regions (surrounded by dashed

line) near EPEAK - -2.75 eV and 0 m 5.04 eV indicates where the surface is

essentially Pd2Si, like the underlying bulk.
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I INTRODUCTION

Thin films of silicides find increasing use as ohmic or Schottky contacts in

Si devices. This is not only because the silicide/Si interface has electrical

properties suitable for contacts to very small junctions but also because the

silicide layer can improve junction reliability by providing an effective barrier

against Al-penetration into the junction. 1 Silicides are commonly formed by a

solid-state reaction between the Si substrate and an evaporated metal film.

During the reaction the silicide/Si interface moves into the Si thus providing a

relatively clean interface which is not much affected by the native oxide or

any contamination on the original Si surface. For optimal junction character-

istics, a uniform and relatively flat interface is required, therefore the knowl-

edge on the interface morphology is important. Moreover, there exists a

considerable basic interest in the atomic structure of the silicide/Si interface.

For example, the formation of the first phase and the electronic properties of

the contact might be controlled by the atomic structure of the interface1 . The

existence of a thin amorphous metallic glass at the interface has been pro-

posed in order to predict the formation of the first sificide phase in transition

metal/Si systems2 . A direct observation of the atomic structure of silicide/Si

interfaces, however, has not been reported so far. This is because the me-

thods commonly used to study silicides, e.g. ion back scattering and glancing

angle x-ray diffraction cannot provide a detailed information about interface

properties on an atomic scale. A more suitable method for studying these
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properties is transmission electron microscopy (TEM), particularly with

specimens prepared for a cross-sectional examination. This paper gives first

results of such a TEM investigation. The silicides chosen for this study were

near-noble metal silicides: Pd2 Si, NiSi2 and PtSi which can grow epitaially on

Si thus facilitating a detailed structural observation by TEM lattice imaging

techniques.

II. EXPERIMENTAL

The silicides studied were: Pd2 Si on chemically cleaned 111) surfaces,

NiSi2 on chemically cleaned [ 1001 and I 111 surfaces and, to a lesser extent,

PtSi on chemically cleaned I111 surfaces. All silicides were formed by

electron-beam evaporation of the metals at room temperature followed by an

annealing treatment either in vacuum or in He atmosphere.

After the silicides were formed, specimens with dimensions of approxi-

mately 2 x 2 x 5mm were cut from the wafers. Several of these specimens

were then glued together using Araldite or Epon epoxy, following the proce-

dure outlined by Sheng and Chang3. During the curing of the epoxy the

specimen block was kept under pressure in a small, teflon-lined press to insure

a thin and uniform epoxy layer between the specimens. From this specimen

block thin slices were cut with a wire saw and subsequently ground and

polished to a final thickness of -50m. These slices were then glued on a

supporting Cu grid with one large hole and finally ion-milled at -5kV from
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both sides until a hole was formed in the sample center. In order to obtain

good specimens it is important to start with a rather thin specimen (-50psm)

and to keep the epoxy layer as thin as possible (<lpm). Ion milling at low

voltages (- IkV) introduces damage (visible black dots) into the Si whereas at

higher voltages (- 5kV) no directly visible damage was observed. Specimens

for investigations of the silicide "flat-on" were made by chemical thinning of

*Ithe Si from the backside. TEM was performed in a Siemens Elmiskop 102

operating at 125kV, or in a Jeol 200 B operating at 200kV.

Ill. RESULTS AND DISCUSSION

Palladium-Silicide

The first case to be discussed is Pd2Si which was made by evaporating

50nm of Pd on a [1111 Si wafer; no subsequent annealing treatment was

performed. Cross-sectional specimens were made and during the specimen

preparation its temperature may have reached - 1000C for - 20 hrs during

ion-milling. TEM showed that the Pd had partially reacted with Si forming a

Pd2Si layer - 31 am thick, the remaining Pd layer had a thickness of - 37 nm.

Fig. 1 shows a cross-sectional view of this sample and illustrates very clearly

some of the artifacts and difficulties encountered in cross-sectional TEM.

Due to the the stresses in the sat iple, thin areas of the specimen around the

interface region are severely -bent; frequently the silicide is even partially

peeled off. In this case the Si and the silicide are separated by a groove which



appears as a bright band in Fig. 1. Different ion-milling rates between Pd,

Pd2 Si and Si may also contribute to such artifacts. This makes it exceedingly

difficult to ascertain whether some observations reflect intrinsic properties of

the sample, or are due to artifacts and/or a mixture of both. The presence of

voids in the interface, for example, would facilitate a peeling-off of the silicide

layer; this was observed for metal layers on GaAs4 and may also play a role in

the Pd2 Si case. Despite all these difficulties, Fig. 1 shows that the Pd2Si is

basically single crystalline and has an epitaxial relationship to the Si matrix

(this was deduced from the diffraction pattern); the unreacted Pd is polycrys-

talline with a grain size of -l O-20nm. More importantly, it is clearly visible

that the Si/Pd2Si and the Pd2 Si/Pd interfaces are rather flat with an estimat-

ed roughness of - 2nm.

The bending of the specimen in the interface region makes direct lattice

imaging of the interfacial region very difficult. For carrying out so-called

structural imaging5 ,6 which under favorable conditions can give a direct

information about the positions of atoms, the specimen has to be oriented

very precisely into a high-symmetry orientation 7 (in this case 11101 for the Si

and 11001 for the Pd 2Si). This so-called axial diffraction condition can be

easily achieved in the thicker parts of the Si by using Kikuchi lines, but in

interface regions thin enough for lattice bmaging (< 40nm for Si, < lOnm for

Pd2Si) the unavoidable bending of the specimen makes almost certain that the

diffraction conditions are no longer axial. Consequently, lattice images, if
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obtained at all, are no longer structural images (i.e. they cannot be interpre-

tated in terms of absolute atom positions). Nevertheless, they still contain

valuable information not obtainable otherwise. Fig. 2 shows a lattice image in

the Si-Pd2Si interface of the sample shown in Fig. 1. On the Si side, the

contrast is similar to a structural image (i.e. the white dots may be interpreted

as the open channels of the Si lattice viewed in the <110> direction*),

whereas only the 122401 fringes of the hexagonal Pd2Si lattice are visible in

the Pd2Si. The interface is rough on an atomic scale with an average ampli-

tude of - 1.5nm and an average wavelength of - 4nm. A circuit (analogous

to a Burgers circuit) going from a well resolved point at the interface on the Si

side to another well resolved point at the interface and then back to the

starting point in the Pd2 Si side (cf. Fig. 2) reveals the presence of excess

(22401 fringes in the Pd2Si side. That is, there are more Pd2 Si 122401

fringes than corresponding Si [1111 fringes (counted along the interface)

within a certain distance along the interface. This indicates that dislocations

are present within the circuit and since these dislocations are neither in the Si

nor in the Pd2 Si (as verified by looking along the Pd2Si (22401 fringes or the

Si (111) fringes), they must be in the interface and therefore are interface

dislocations. On the average, there is one additional Pd2Si [22401 fringe for

about 23 SI (1111 fringes. The additional (22;40 fringes cannot simply be

identified as partial dislocations having a Burgers vector b -- a<i0> (the
6

distance between 122401

•) or, alternatively, as the product of two sets of (1111 fringes crossing each

other.
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planes) because lattice imaging reveals only the component of the Burgers

vector in the image plane 8 (therefore, a dislocation with an inclined Burgers

vector b - a<110> would give the same image as b - A<1120>). Moreo-
3 6

ver, the concept of dislocation in the interface between a hexagonal and a

cubic material needs more detailed considerations than intended in this paper,

especially if the interface is not flat but has steps, as is the case with the

Pd 2Si-Si interface. Nevertheless, the presence of dislocations, whatever

detailed characteristics they might have, is a strong argument for an ordered

interface; i.e. no amorphous layer is present. This is already indicated by the

absence of such a layer in the lattice image in Fig. 2 although in some places a

very thin (< Inm) amorphous-like layer might be obscured in this picture

because the interface cannot be expected to be exactly end-on, due to its

roughness.

Measuring the spacing of a large number of 12240} fringes in the silicide

and comparing it to the spacing of the Si ( 1111 fringes allows one to obtain a

fairly accurate measurement of the Pd2 Si lattice constant. If the lattice

constant of the Si is taken to be a - 0.543 nm (measured 8nm away from the

interface), the Pd2Si lattice constant is determined to be am 0.642nm (--

1.Snm away from the interface) which is - 1.5% smaller than the nominal

(x-ray) value of 0.652nm. This indicates the presence of elastic stresses and

possibly also a change in the lattice constant of the silicide due to non-

stochiometry. A Pd-rich silicide, e.g. has been shown to lead to smaller lattice



constants compared to a stochiometric silicide9 and this may also be true for

Si-rich silicides. This interpretation is supported by the presence of more

misfit dislocations than would have been needed to compensate for the

differences in the lattice constants of Si and stochiometric Pd 2Si, which would

have been one ending 122 01 fringe for every 50 Si I111} fringes. With the

measured lattice constant of Pd 2 Si (a = 0.642nm), one additional fringe for

every 29 j 1111 fringes of Si would be expected which agrees fairly well with

the observed value of - 23-25.

The Si image close to the interface shows an intensity modulation of the

lattice fringes which appears to be a Moiri"e contrast effect. On the average,

every third Si I 111I fringe parallel to the interface is somewhat brighter than

its neighbors. A contrast like this could result from overlapping crystals with

similar lattice geometry but different lattice constants, e.g. at an interface

inclined with respect to the electron beam. The roughness of the Pd2 Si-Si

interface however cannot account for the rather broad zone of the Moirie

contrast (- 8nm) since at the most a region - Inm in width can be expected

to show this effect. While it is possible that the lattice constant of Si could be

locally changed by incorporating of Pd atoms, this change would have to be in

the order of 50% to explain the observed contrast; this is too high to be

reasonable and the remaining possibilities to account for this contrast are:

Some form of platelet-like Pd-rich regions (possibly small monolayers of

Pd 2Si) or a thin surface layer of Pd2 SI which may have formed during speci-
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men preparation. Some Pd might have reached the Si surface by surface

migration (possibly assisted by the ion-milling process) and may have reacted

to form Pd2 Si. At present, it is not possible to distinguish between these two

possibilities.

Nickel Silicide

NiSi2 was formed on both [1001 and [111. Si by evaporating 50nm of Ni

at room temperature and subsequent annealing at 800*C in He atmosphere.

In order to form different phases of Ni silicides, part of the sample was

directly annealed at 8000C for I hr, and another part was first annealed at

300*C for 20 min (which forms Ni2Si 10) then at 400°C for 20 min (which

forms NiSi10 ) and finally at 800"C for 1 hr.

NiSi2 on 11001 Si

The NiSi 2 on [100) Si forms a heavily facetted interface with the Si

substrate (Fig. 3). The facets are on [ I I and I 1001 planes with the former

more frequently observed. The interface is very rough on a large scale and

the thickness of the NiSi2 layer may vary by more than 100nm (the average

thickness is 170nm). The NiSi2 formed by stepwise annealing appears to be

somewhat less facetted than the NiSi 2 formed by direct annealing, but the

over-all difference is not significant.



IBM~

• i -10-

On an atomic scale the interface is perfectly flat within a facet; Fig. 4

shows an example. A facet on a f 1001 plane and on a [i II plane can be

seen and the interface was found to be confined to one lattice plane for a

lateral dimension of more than 60nm (the largest distance measurable on the

original negative). An off-set of the 111] fringes crossing the interface is

visible in Fig. 4, but this could be a contrast artifact, however, it may also

reflect a true property of the interface. A Burgers circuit similar to the one

described for Pd2 Si does not reveal interface dislocations in Fig. 4, but this

cannot be taken as evidence for the absence of misfit dislocations since the

area sampled might have been too small. In fact, if a cross-sectional sample is

tilted about an axis not perpendicular to the interface (so the interface is no

longer end-on) interfacial dislocations, and dislocations in the silicide are

visible (Fig. 5). These dislocations can be better revealed using conventional

TEM techniques with the electron beam normal to the sample surface. Fig. 6

gives such an example. Due to the stresses present in the sample, the speci-

men starts to bend severely as soon as it becomeathin enough for TEM, this

practically prevents the imaging using a well-defined diffraction condition.

Despite this difficulty, three basic types of dislocation networks have been

distinguished: 1) a square network of edge dislocations with b - 1<110>,
2

and with a spacing of - 57nm, 2) a hexagonal network with a spacing similar

to that given above and probably also containing edge dislocations with b -

a<110>, and 3) a rather irregular rectangular network with a spacing from
2

S0nm-200nm. These networks can be accounted for simply by assuming that
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in the first case the dislocation network is on a rather large [1001 facet; in the

second case on a large 111} facet and in the third case on an area with many

small facets. The observed spacing of - 57nm is considerably smaller than

the theoretically expected value of - 97nm taking the lattice constant of NiSi2

to be a - 0.5406nm 10 . This indicates that the difference in lattice constants

is larger at 800*C so that more misfit dislocations are needed to relieve the

stresses. During cooling down of the wafers the dislocations were frozen-in

thus creating the high stresses observed at room temperatures.

NiSi 2 on {111l Si

The interface between { 1111 Si and NiSi 2 is also facetted, but much less

so than on 11001 Si. Fig. 7 shows a typical example where it can be seen that

very large facets are formed on the 111} plane parallel to the original wafer

surface and only small facets are found on the inclined [ 1111 planes. The

amplitude of interface roughness is - 20nm with a rather large modulation

period in the order of several Am. In this case it was also found that the

surface of the NiSi2 was facetted; see insert in Fig. 7. Direct lattice imaging

again showed a perfectly straight interface which can be defined within one

11111 plane, see Fig. 8. However, as can be seen in Fig. 8, the NiSi2 is not

epitaxial to the Sl matrix but rather in a twin orientation relative to the Si;

this is also shown by the twin spots in the diffraction pattern. The direct

lattice image, however, has the advantage of demonstrating that the entire

silicide is twinned and that the twin spots do not come from micro-twins
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within an epitaxial silicide. Burgers-circuits in some of direct lattice images as

the well as the images of tilted specimen, Fig. 9, show the presence of disloca-

tions at the interface. Again, conventional (flat-on) specimens are better

suited for studies of such networks and Fig. 10 gives an example. It should be

mentioned, however, that images observed on strongly tilted cross-sectional

specimens show directly that the network is at, or very close to the interface

(Figs. 5,9), an information not easily obtainable with conventional techniques.

A rather regular hexagonal network with a spacing of -50nm can be seen in

Fig. 10 which is interrupted in some places by patches of a less regular hexag-

onal network with a spacing of - 85nm. Contrast analysis showed that the

network with the smaller spacing consists of edge dislocations with b -

A-<1 12> whereas the larger network is formed by edge dislocations with b -
6
A< 110>. The latter marks the areas where NiSi2 has grown in a direct
2

epitaxial relationship to the matrix, whereas the former is formed in the twin

boundary between the Si and the NiSi 2 . The spacing of the dislocations in

these cases is closer to the theoretically expected value (- 97nm for b -

A< I10> dislocations and - 60nm for b - A< 1112>), indicating a better fit
2 6

at 8000C between NiSi2 and {1111Si than between NiSi2 and [1001 Si. The

dislocation nodes in the network of the perfect dislocations may be somewhat

extended, but no clearcut statement can be made at present. About 80% of

the total area showed the twin-related network, indicating that a twinned

interface is strongly preferred. The misfit dislocations with b = A< 112> are
6

the grain-boundary dislocations expected for a twin boundary, which for
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topological reasons can only exist exactly in the twin boundary, i.e. in the

interface. Again, this is a clear evidence for an ordered interface without an

amorphous interface layer, in contrast to recent predictions2 ,12 .

Platinum Silicide

Only one specimen has been investigated. PtSi was formed by deposition

of 500nm Pt at room temperature on {1111 Si and by a subsequent heat

treatment at 4000 C for 2 hrs. This specimen was of particular interest

because the PtSi layer showed fine lines concentric to the center of the wafer.

Conventional TEM showed that the PtSi grains in these lines (width - lm)

were almost randomly oriented with respect to the matrix, whereas between

the lines they were in an pseudo-epitaxial relationship with respect to the Si 13.

It is possible that the circular lines in the silicide reflect areas of the Si wafer

where some residual damage or contamination from the last polishing step was

present. Cross-sectional specimens showed that the Si-PtSi pseudo-epitaxial

interface is exceedingly rough, with amplitudes of 200nm (thickness - 350nm)

and a wavelength of - 700am (Fig. 11). In contrast, the PtSi surface is rather

flat. This example serves to demonstrate that epitaxial interfaces are not

necessarily flat.

IV CONCLUSIONS

Transmission electron microscopy of silicon-silicide interfaces with cross-

sectional specimens is a powerful technique for studying interfacial properties
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at high spatial resolution. Interfacial parameters such as flatness, preferred

interfacial planes, and interfacial defects are easily observable and can be

measured almost at an atomic level. It was found that the Si/Pd2 Si interface

is rough on an atomic scale and that it contains interfacial dislocations. The

NiSi2 /Si interface is facetted but perfectly flat on an atomic scale. NiSi 2

grows epitaxial on { 1001 Si, but has a twin-relation to { 1111 oriented Si. No

evidence for an amorphous interface layer was found in either case.
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Fig. 1. Thin layer of Pd,2Si and Pd on Si. The layer is severely bent

(coming out of the paper plane in the left-hand corner).



Fig. 2. Lattice image of the Pd2ZSi-Si interface. The spacing of the Si

fill11 fringes (e.g. parallel to the interface) is 0.31 nm. A

Burgers-like circuit is drawn in, showing 79 Pd2 Si(22401 fringes

for 75 Si 11l1 fringes.

.........



Fig. 3. Heavily facetted NiSi2on (1001 Si. Parts of the silicide have

been removed during ion-milling; the surface of the silicide -

therefore is not the original silicide surface.
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Fig. 4. Lattice image of the SI-NiSi 2 interface for silicide formed on
an

f100} Si. A large facet,,a f 100 plane and a small facet on a

fIl I plane are visible.



Fig. 5. Misfit dislocations in the Si-NiSi2 1 1001 interface and disloca-

tions in the silicide.
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Fig. 6. Misfit dislocations in the Si-NiSi 2 interface viewed flat-on. A

hexagonal network (lower right-hand corner; one set of disloca-

tions not in contrast), a square network (left-hand corner; one

set of dislocations not in contrast) and on irregular rectangular

network can be seen.
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Fig. 7. Interface between NiSi-2 and 111 Si. The insert shows the

NiSi2 surface at higher magnification.
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Fi.. Lattice image of the Si-NiSi.2 interface on a I I I plane. The

NiSi.2 is twinned with respect to the Si matrix; this also can be

seen from the typical twin diffraction pattern. The interface

contains a dislocation at the dark spot.
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Fig. 9. Misfit dislocations in the interface between NiSi,2 and 1ill1 Si.
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Fig.10. Fiaton iew f msfi disocaionsin he i-Nii 2 1 1 } itAr

face Th micogrph as tkenwithmui-bAm ifato

conditions~~41. Als ote{11 oe
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Fig. 11. Interface between Si and PtSi (two samples with the silicide side

glued together).


